Google 



This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 

to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 

to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 

are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other maiginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 

publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing tliis resource, we liave taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 
We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain fivm automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attributionTht GoogXt "watermark" you see on each file is essential for in forming people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liabili^ can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 

at |http: //books .google .com/I 







Sartart College Libcacj 






t&jCf^. irrJt. 



WA.B DS?ABTX1INT. 



f'R01-F.SS10NAI. PAPERS OP THE SIGNAL SERVICE, 
TTo. TTTT- 

HOPUl-AR ESSAYS 



MOVHMHXTS OF THE ATMOSPHERE. 



oiutniiiti cmiK TUB aniHDno!' or 
itniBf MimAL iirriru nr uic jliliv. 



PROPKfsStm WtLLUM FKHRBL. 



I'tlllUKHKn in AUl'HOKIi'V UK THB 8l£C1tl71 A !:¥ *iV tV Mt 



WASUINGTOS: 

' TUB citiei' euomi. oi'I'iobB'. 



o 



=^ WAB DSFABTMXHT. 



)- ^A^' > '' ^'--^ ^^(Cf. • 



PROFESSIONAL PAPERS OP THE SIGNAL SERVICE. 



ITo- XIT. 



POPULAR ESSAYS 



ON THE 



MOVEMENTS OE THE ATMOSPHERE. 



COMIMLKD r.NDKK THE DIUECTION OK 
( IIIKK SI(;XVL OFFHKR OF THE ARMY. 



BY 



PROFESSOR WILLI A A[ FERREL. 



PUHLISHEI) HV AUTHORITY OF THE SECRETARY OF WAR. 



AVASHIXOTON: 

OFFH^K OF THE CHIEF SIGNAL OFFICER. 

1SM2. 



nnr\t.A*^ 






w 



/^^M '^^'-/^. 




>"//' t7. . /^c^/:.,^C '..6'' ',^c. .4i'^^.<(*^. 



NOTE. 
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INTRODUCTION. 

The papers that make up this volume were published originally by Professor Ferrel, one in the 
*' Nashville Journal of Medicine and Surgery," and three in the *' American Journal of Science.'' 
The}' are here gathered together for the flrst time, and in order that they may be in convenient 
form for all who may wish to study or conidult them. 

The Chief Signal Officer desires to thank the Chief of the United States Coast and Geodetic 
Survey for his kind permission to reprint the paper published in 1881 in the ^^ American Journal of 
Science." 
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NOTK. 

The publication of these monographs as a Professional Paper is to be (M)nsi(lere(l merely as a 
means of bringing them t4) the attention of s<*.ientifie men, and is not to be taken iis an indorst»ment of 
the views or theories set forth. 



ITO. 1. 
AN ESSAY ON THE WINDS AND THE CURRENTS OF TflE OCEAN, 

BY W. FKRKKh, A. M., OK XASHVILLK. TKNXESSKK. 
[Ktfprintod from •* NHshville .h»uriial of Modlcin** hixI Surgery."' Vol. xi.. Sof. 4 nikI A, Ort«)lM«r hikI Nttvenilier, iHTjft.] 

Introduction. — The earth is surrounded on all sides by an exceedingly rare and elastic body, 
called the atmosphere, extending with a diminishing density to an unknown distance into space, but 
pressing upon the earth with a force equal to that of a homogeneous atmosphere five and a half miles 
high. It is also partially surrounded by the ocean, which is of a very variable depth, and known to 
be, in many places, more than four miles. If the specific gravity of the atmosphere and of the ocean 
were everywhere the same, all the forces of gravity and of pressure which ju*t ui)on any part of them, 
would be in exact equilibrium, and they would forever remain at rest. But as some parts of the earth 
are much warmer than others, and air and water expand and become rare as their temperature is 
increased, their specific gravities are not the same in all parts of the earth, and hence the equilib- 
rium is destroyed, and a system of winds and currents is produced. It isprojwsed in this essay to 
inquire into the effects which are produced, both in the atmospliere and in the ocean, by this dis- 
turbance of equilibrium, and by means of a new force which has never been taken into account in 
any theory of winds and currents, to endeavor to account for ceitain i>henomena in their motions, 
which have always been a puzzle to meteorology and hydrology. As there are some uncertain data 
wmnected with the subject, such as the amount of the disturbing force, the effects of continents, 
friction, etc., which render a complete solution of the problem impracticable, we shall aim at giving 
a popular explanation of observed phenomena rather than a <»omplet^ solution of the problem; yet 
we shall give the result of some calculations, ba^sed upon known data, or at lejist upon very reason- 
able hypothesis, which will show that the causes which we have given are adequate to the effects 
which are attributed to them. We shaU divide the subject into two parts, and treat, first, of the 
winds, and secondly, of the currents of the ocean. 

The motions of the atmosphere. — From ahont the parallels of 28° on each side of the equator the 
winds on the ocean, where they are not infiuenced by any hn^al causes, blow steadily towards the 
equator, having also a western moti(m, producing what are called the north-eiist and south-east trades. 
At the meeting of these currents near the equator there is a calm called the e<|uatorial calm-l)elt, or 
doldrums, vhere the air rises up and flows in the upper regions towards the poles, until it arrives near 
the parallels of 28°, where it is met by an upper current flowing fn)mtlie poles. The meeting of these 
upper currents produces an accunuilation of atmosphere from under which the air flows out in both 
directions on account of the increased pressure; a strong and steady current, as we have seen, t<)wards 
the equator, and another not so strong and somewhat variable over the middle latitudes, towards the 
poles, having at the same time an eastern motion, and producing what are (»alled the passage-winds. 
As this current flows at the surface towards the poles, it gra^lually rises up and returns in the upper 
regions towards the equator, meeting the up|)er current from the equator near the tropic^ as has l>een 
stated. 

Such are the general motions of the atmosphere as laid down by Lieutenant Maury, and as 
represented in his diagram of the winds.* But there are numerous observations which have been 
made in very high latitudes both in the north and the south, which show that the currents flowing 
over the middle latitude towards the poles, do not extend to the [)olevS, but that the atmosphere above 
a certain latitude, has a tendency to flow /row the i)oles, producing another meeting of the air at the 
surface near the polar circles similar to the one at the equator, except that the currents are compara- 
tively feeble and consequently the belt of meeting not so well defined, and that here also the air rises 
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niirthern hemis))here, where the uniformity of the earth's sarfaee is moi«t intemipted by land. 

The premiure of the atmonphrre. — The atmos|ihere everywhere presses «|>"tn the surfai-e of the eaitfa 
witii a foreee<|iial tolheitresNnreofatrolnmnofmen-ury ofuearly thirty inches inheifjbt. This pressure, 
however, is not the same in all parts of the earth, bnt varies in different latitndes its well :ts from 
loi^il causes. Tlie barometer stands highest alKmt the Iwnierof the tnide-winds. and is abtmt 0^25 of 
an ineli lower at the ecjnator. and seems to stand the lowest al>oat the |>olar circle, where a very 
n-niarkalde depression has iK-en observed in many places. - It is a sin-:nlar fart.'* says Mrs. Somer- 
vilte, (|>aKe 2)W) " discovered by our uavifjators, that the mean height ot the bannueter is an inch 
lower throughout the Antan-tic iK-ean and at Cajte Horn, than it is at the <'a|)e of Goo<l lIo(ie. or at 
Val|iaraiso," A similar depression has likewise l»een obser\-e«l near the se.i of Okhotsk in ea-stern 
HitM-ria. Tt alMi api>ears fi-om the tables of the South Sea Exploring K\|>ediEion, by <'aptain Wilkes, 
Dial the lianimeter stands lowest near the |>oIar circle, where it stands at a mean of atwrnt tiventy- 
nine inches, and hitiher Ixith noi-th and south of it. After examiniu;; various authorities aud all the 
eiri-iimstam-es connected with tJiis siibjei-t. I'mfessin- Kspy comes to the c<mchision. th;)t •■ Ihciv art 
tliri-e Ix'lts wliei* the barometer stands Mow the mean, with almost constant r,dn and suow — one 
near the ci|ualor, one near the arctic cin-le. and one near the antart^tic ciri'le. and that tliese 1)elt8 
ehan^fc their latitudes stmie decrees with the seasons, following the sun ; anil also that there are, 
cert'tinli/ (wo In-lts in the outer liordcn* of the trade-winds, where the banmieter stands above the 
mean, and almoif lertniali/ two rej^ions more — one uroniid the north jmle and the other around the 
Moiilh jHile — where the lianmieter stands alxive the mean." It also apjiears from a };reat many obser- 
vations made at different places on the Atlantic, at the level of the <M-eaii, that the barometer standi 
more tliau ti:ilt'an inch lower at the arctic circle, than it does at the onter liuiit of the I mile- winds, 
arul thai there is also a ctnisiderable depression at the eipiator.t 

The, fiirffK t-iiiifenicd in proilurhu/ thr mothan of the atmoHpkerf. — There are four principal forces 
which must Ih; taken into account in a correct theory of the winds. Tlie tirst arises from a ^leater 
H[H^citlc jiravity of the atmosidiere in .tome places than others, on account of a diHcivuce of temi>er- 
alurt^ and of the dew |H>int; for, when il becomes heated or charged with va]>or in any place toa^ireater 
de;frcc lliiiii at olliers, it lH>comes s|ieciflcally lighter, ami hence, the equilibrium isdestniyeil. There 
is a Hnwin;; toKcther, then, of the heavier air on all sides, whicli displaces the lifi'iter air, ami canseH 
it lo ris«- up and tlow oril in a contrary direction. This is tlte pri mum mohileaX' the winds, ami all the 
other forces concerned an- de|K-ndent n[Hni it for their etticiency. A second fori'e arises from the 
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10 WINDS AND CURRENTS OF THE OCEAN. 

phere receives a motion either towards or from the poles, the action of the third force above, causes 
a deflection of it towards the east, as it moves towards the poles, and towards the west as it moves 
towards the equator; and as the ))rime moving cause of the principal currents of the atmosphere has 
a tendency' to cause it to flow towards and from the poles, the general result is, that towards the 
poles the atmosphere has a motion towards the east, but near the equator to^fards the west. But 
from the principle of the preservation of areas, the sum of the products of all the particles of the 
atmosphere, multiplied into their velocities and their distances from the axis of revolution, cannot be 
changed by the action of a central force, or by the mutual action of the particles upon each other; 
hence the sum of the products of each paiticle^ into its distance from the axis, and into its relative 
eastern velocity, must be equal to the sum of similar products, taken with regard to the particles 
having a relative western motion. But, as the portion of the atmosphere having a relative eastern 
motion, is nearer to the axis than that which has a relative western motion, and as the part of the 
atmosphere between the parallels of 30^, comprises one half of the whole, the part having a western 
motion, inasmuch as it is further from the axis, must be somewhat less than the part comprised 
between these parallels, in order to make the products equal, unless the relative velocity of the part 
having an easterly motion is very much greater. Hence, the dividing lines between the portions of 
the atmosphere having a relative Bast and west motion, must be within these parallels; and, as the 
outer limits of the trade-winds depend upon those lines, they must also fall within these parallels; 
and they are accordingly found to be about the parallels of 28®. 

The cause of high barometer about th^ parallels of 28®, and the low barometer at the polar circles. — 
The greater pressure of the atmosphere at the parallels of 28® than at the equator and the polar cir- 
cles can only be caused by an accumulation of atmosphere there. This accumulation results, neces- 
sarily, from the action of the new force which we have introduced into the theory of the winds. For, 
as we have seen, all the atmosphere between the parallels of 28® and the poles has, and, according to 
theory, must have, a general eastern motion ; and this gives such a value to the analytical expression 
of the fourth force, enumerated above, as to cause the atmosphere to recede from the poles toward the 
equator. But the western motion of the atmosphere between the parallels of 28® gives that 
expression a negative value there; and, hence, this force causes the atmosphere to recede from the 
equator, also. This force, then, has a tendency to cause the atmosphere in the upper regions to recede 
both from the poles and the equator, and to accumulate about the parallels of 28®, and, as it may 
seem by merely inspecting the expression of this force given above, that for the same value of r, or 
motion of the atmosphere east or west, this force is much greater toward the poles than it is near the 
equator, it causes a considerable depression of the atmosphere at the poles, and only a slight one at 
the equator, as represented in the diagram. The amount of this elevation and depression is not indi- 
cated entirely by the barometer, for the height of the barometer depends upon both the height of the 
atmosphere and its density. Therefore, as the atmosphere is much denser at the polar circles than 
at the parallels of 28®, on account of its being much colder, the accumulation of atmosphere at these 
parallels and its depression towards the poles, must l)e considerable to cause the barometer to stand 
higher at these parallels than at the polar circles. 

We shall now give the results of some calculations, based upon a n*asonable hypothesis, which 
show that this new force introduced is entirely adecpiate to produce an accumulation of atmosphere at 
the parallels of 28®, and a depression of it at the poles to such an amount, that the difference in the 
height of the barometer at the parallels of 28® and the iK)lar circles, may correspond with observa- 
tions. As friction is a very imjwrtant element in calculations of the motions of the atmosphere, and 
its effect cannot be determined, it would be imjwssible to calculate the motions of the atmosphere 
from the forces which act upon it, if they were even accurately known. We will therefore assume 
certain motions of the atmosphere, which are known not to vary much from observation, upon which 
we will base our calculations. If we assume that the east and west motions of the atmosphere may 
be represented by the expression 2 sin. | p cos. ^pv^ p being the i)olar distance of the place, it would 
make these motions vanish at the poles and at the parallels of 30®, and we have reason to think, would 
pretty well represent the motions of the atmosphere east and west at all latitudes except near the 
equator, where it would make it a little too great. V\>o\\ this assumption it may be shown by calcu- 
lations, the results of which only can be given here, that if r, or the maximum east or west motions 
of the atmosphere, were only ten miles per hour, it would cause a heaping up of the atmosphere near 
the parallels of 28® which would make the barometer, if the atmosphere were everywhere of the same 
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density, stand two inches higher here tlian at the poles. The same hypothesis woald also make the 
depression at the equator only one-ninth that at the poles. If we now suppose that the greater specific 
gravity aloiie of the atmosphere at the poles, is sufficient to cause the barometer to stand one inch 
higher there than at the equator, which would only require a difference of temperature of about 16®, 
it would still leave a difference in the height of the barometer between the poles and the e<iuator about 
equal to the observed difference in the southern hemisphere. It would also add a little to the depres- 
sion of the barometer at the equator, which would make it a little more than one-ninth of that at the 
poles, and consequently make it correspond with observation. We think therefore it is evident that 
the observed difference in the height of the barometer in different latitudes, is owipg to the joint 
effect of a gradual increase of specific gravity from the equator to the poles, and of a heaping up of 
the atmosphere near the parallels of 28®, caused by the action or this new force which we have taken 
into account. 

Explanatitm of the p^Msage-tcindH and calm-belts at the Umitft of the tra^€-winds, — As the pressure of 
the atmosphere, on account of its accumulation there, is greatest about the parallels of 28®, this 
pressure has a tendency to cause it to rush out from beneath both, towards the poles and the equator. 
If the motions of the atmosphere were as great at the surface of the earth as in the upper regions, the 
force which causes a heaping up of the atmosphere about the parallels of 28®, would be as great below 
as in the upper regions, and would prevent the flowing out of the air below towards the poles. But, 
on account of friction, the eastern motion of the atmosphere cannot be so great at the surface of the 
earth as above, and consequently the accumulation of atmosphere mentioned above, is caused princi- 
pally by the upper currents, and the pressure which causes it to flow out below towards the poles, where 
the barometer, as we have seen, stands much lower, is greater than the force below which causes the 
aecumulation of atmosphere. The lateral pressure then of the atmosphere, and its horizontal motions 
north and south, depend upon three forces ; first, the greater density of atmosphere towards the poles, 
which has a tendency to cause it to flow at the surface of the earth, from the poles towards the equa- 
tor; and, secondly, the heaping up of the atmosphere at the outer limits of the trade- winds, which 
causes it to rush out below, both towards the equator and the poles; thirdly, the action of the force 
depending upon the east or west motion of the atmosphere, which we have seen, must be greater 
above than at the surface of the earth. Between the parallels of 28® and the equator, the first two 
forces combine against the latter, which is small near the equator, and produce a strong and steady 
current at the suface of the earth towards the equator, which, being combined with the rotatory 
motion of the earth, gives rise to the trade-winds. Beyond these parallels, the first and third forces 
are opposed to the second, but it may be seen from the analytical expression of this second force, 
obtained from our preceding assumption, and which cannot be given here, that this force is very great 
in the middle latitudes, and consequently it prevails over the two, causing a current towards .the 
poles, which combined with the rotatory motion of the earth, produces the southwest winds in the 
northern hemisphere, and northwest winds in the southern hemisphere, called piissage-winds. This 
force has its maximum about the parallels of 48®, and above these it decreases rapidly, so that at the 
polar circles the other two forces begin to prevail over it, and cause a current from the poles. The 
forces then acting upon the atmosphere at the surface of the eiirth, causes it to flow in opposite direc- 
tions, from the parallels of 28® and the i>oles, and to flow together near the equator and the polar 
circles. Hence, there is a rising up of the atmasphere at the latter places, and a flowing thence in 
the upper regions to the former places, where it descends, and thus a system of cuiTent is produced 
as represented by the arrows in the external part of the diagram, which represents a meridional ver- 
tical section of the atmosphere. It was shown that about the parallels of 28®, the atmosphere can 
have no motion east or west, and it has now been shown that these are the parallels also of greatest 
pressure, whence the currents flow both towards the equator and the i>oles, consequently there must 
necessarily be here calm-belts, such as are well known from observation to exist. 

We think now, it is manifest, that the introduction of our new force into the theory of the winds, 
exactly accounts for all the principal motions of the atmosphere, and clears up the difficulties which 
have heretofore puzzled meteorologists. 

Maury^s theory of the crossing of the icinds. — In order to account for the motions of the winds and 
other phenomena. Lieutenant Maury advances the theory that there is a crossing of the winds or 
currents at the calm-belts of the equator and the parallels of 28®; that the currents flowing at the 
surface towards the equator, cross there, each one becoming the upper current in the other hemisphere 
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The fircKMHre of the atmosphrrr. — Tlu; atni»)spliere everywhere presses upon the surface of the earth 
with a foire equal to the pressure of a <-ohinin cdniercury of nearly thirty inches in heitfht. This pi-essnre, 
however, is not the same iu all jiarts of the earth, but varies in diA'ei'ent latitudes as well as IVom 
local causes. The banuneter stamis liigliest about the border of the trade-winds, and is about 0.25 of 
au inch lower at the equator, and seems to stand ttie lowest about the polar circle, whei-e a very 
ivmarkable de|>resstoii hius been oKserved in many jilaces. " It is a siugnlar fact," says Mi's, Somer- 
villc. (pafje UfW) " discovei^cd by our navij^afors, tliat tlie mean height of the baiiuneter is an inch 
hiwer tbnaigliout the Antarctic »H-ean and at Cape Horn, than it is at the Cape of G(«>d Hope, or at 
Valparaisn." A similar depression has likewise Iweu observed near the sea of Okhotsk in eastern 
SilH>ria. [I also ai>pears from the tables of the South Sea l<:\|>loriug Kxpedition, by Captain Wilkes, 
thai the barometer stands lowest near the |H>1ar ciivle. wliei-e it stands at a nu>an of aliout twenly- 
nine inches, and hiifher bolh north iind s[>ath of it. Alter examining various authorities and all tlie 
cii-cninsranccs coiuieded with this subjecl. I'rofcsscu' Ksjiy comes to the conclusion, that " theiv are 
three Ix-lls whent the b.intineter stands below the mean, with almost constant rain and siniw — (me 
near the e<piali>r, oiu' near the aivtic circle, and oiu' near the antaivlic cinle, aud that these iK'lts 
change tlieir Jarilndcs some deurrces with the seasons, following the snn; and also that them are, 
ifj-tmiilji two belts in the outer Imrders cd" tin' tiadewinds, where the barometer stands above the 
UK'an. and nliHiml irrliiiiilii Iwo i-cgions more — oiu' around the mirth pole and the other anauxl the 
soiilli pole — wheiv the baroiueter stands above the mean." It also iip|iears fnun a givat many obser- 
varions m:i<h- al ditfeiviit places on the Atlantic, at the level ot the m-eaii. that the barometer stands 
more than half an inch lower al the ar<-tic eii-cle, than it diH's at tlie outer limit of I he trade- winds, 
and thai lliere is als<i a cmisideralde depression al lli<- e^pr.itor.^ 

The /unfit iiiiirrrmil hi /ir'nliuimi tin- mufiium !•/ flu- tifnuis/thi-ri: — TlieitJ ai-e four principal forces 
which mtist lie taken into account in a corrci-l llieory of Mie winds. The first aris^'s fi-om a gteater 
HIR'cihc gravity of ihe almosphciv in some places ihari ciihcrs, on account of a dill'ercnce of lem|ier- 
atinv and of thtMlen-poini ; for. when il Ih-coiiics heated o]'<-liarged with vapor in any place to a gi'eater 
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tendeucy which the atmosphere has, when, from any cause, it has risen above the general level, to flow 
to places of a lower level. These two preceding forces generally produce counter-currents. Again, 
when, from any cause, a.particle of air has been put in motion toward the north or south, the conibi- 
naticm of this motion with the rotatory motion of the earth producas a third force, which causes a de- 
flection of the motion to the east when the motion is toward the north, and a deflection toward 
the west when it is toward the south. This is the same as one of the forces contained in La Place's 
general equations of the tides, the analytical expression of which is 2 nur sin. I cos. I; I being 
the latitude; n, the motion of the earth at the equator; le, the velocity of the particle north or 
south; andr, the radius of the earth. The fourth and last force arises from the combination of a 
relative east or west motion of the atmosphere with the rotatory motion of the earth. In con- 
sequence of the atmosphere's revolving on a common axis with that of the earth, each particle is 
impressed with a centrifugar force, which, being resolved into a vertical and a horizontal force, the 
latter causes it to assume a spheroidal forrai C3nfi^cm' ^g ta the figure of the earth. But, if the rotatory 
motion of any part of the atmosphere is greater im^A that of the surface of the earth, or, in other 
words, if any part of the atmosphere has a relative eastern motion with regard to the earth's surface, 
this force is increased, and if it has a relative western motion, it is diminished, and this difference 
gives rise to a disturbing force which prevents the atmosphere being in a state of equilibrium, with a 
figure conforming to that of the earth's surface, but causes an accumulation of the atmosphere at 
certain latitudes and a depression at others, and the consequent difference in the pressure of the 
atmosphere at these latitudes very materially influence its motions. This force is also expressed 
by one of the terms of La Place's equations, the analytical expression of which is 2 ntir sin. I; v 
being the relative eastern or western velocity of the atmosphere. 

Hadley^s theory. — This theory, which is the commonly received theory of the trade-winds, and 
with which the reader is no doubt familiar, is based upon the first three forces only given above, no 
account being taken of the fourth. But as it may be seen from the analytical expressions of the last 
two forces given above, that the latter is greater than the former, and the east and west motion of 
the atmosphere depends upon the former, we have reason to suppose that the latter also may have a 
very considerable effect, and that it should be taken into account in a correct theory of the winds. 
Accordingly we see that although Hadley's theory furnishes an explanation of the trade-winds, yet 
it does not account for many other remarkable phenomena in the motions of the atmosphere, but 
even requires motions to satisfy it entirely at variance with them. According to this theory, there 
should be a current on the surface of the earth from the i>ole to the equator in a kind of loxodromic 
spiral, and a similar counter-current in the upper regions from the equator towards the poles. The 
barometer also should stand highest at the poles where the air is coldest and most dense, and gradu- 
ally fall as it is brought nearer the equator. But both of these, as we have shown, are contrary to 
observation. The position also of the exterior limits of the trade-winds near the parallels of 28®, the 
flowing of the atmosphere in the upper regions from both sides towards these parallels, and a low 
barometer near the polar circles, cannot be explained by this theory, and have not been satisfactorily 
explained by meteorologists. It is true Professor Espy says the highness of the barometer near the 
parallels of 28° is owing to the flowing over of the atmosphere which rises up at the equator; but this 
overflow of atmosphere C3uld have no tendency to accumulate at these parallels, vsince it evidently 
would flow on gradually towards the poles to supply the draught caused by the flow towards the 
equator, as this theory requires. He also assigns as a cause of the low barometer about Cape Horn 
and the antarctic circle, the abundant rains which prevail there and the consequent disengagement 
of caloric, which rarefies the atmosphere there. But, if the belt of calms and rains near the equator 
is caused by the barometer's standing lower there than at the outer limit of the trade-winds, which 
causes a flow of atmosphere there at the surface, and, if rains generally in any region, according to 
Professor Espy's own theory of clouds and rains, is caused by a low barometer there, and a conse- 
quent flowing in from all sides and a rising up of the atmosphere, then the lowness of the barometer 
in these regions must be the cause of the rains, and not the rains the cause of the lowness of the 
barometer, as will appear for other reasons. 

We shall now undertake to show that all these phenomena, and others connected with storms, 
which have never been accounted for by any theory, may be satisfactorily accounted for by taking 
into account the fourth force given above. 

Why the outer limits of the trade-winds are near the parallels of 28°. — ^If from any cause the atmos- 
2 
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phere receives a motion either towards or from the poles, the action of the third force above, causes 
a deflection of it towanls the ea«t, as it moves towards the poles, and towards the west as it moves 
towards the equator; and as the prime moving cause of the principal currents of the atmosphere ha« 
a tendency to cause it to flow towards and from the poles, the general result is, that towards the 
poles the atmosphere ha^ a motion towards the east, but near the equator to^fards the west. But 
from the principle of the preservation of areas, the sum of the products of all the particles of the 
atmosphere, multiplied into their velocities and their distances from the axis of revolution, cannot be 
changed by the action of a central force, or by the mutual action of the particles upon each other; 
hence the sum of the products of each pai*ticle into its distance from the axis, and into its relative 
eastern velocity, must be equal to the sum of similar products, taken with regard to the particles 
having a relative western motion. But, as the portion of the atmosphere having a relative eastern 
motion, is nearer to the axis than that which has a relative western motion, and as the part of the 
atmosphere between the parallels of 30^, comprises one half of the whole, the part having a western 
motion, inasmuch as it is further from the axis, must be somewhat less than the part comprised 
between these parallels, in order to make the products equal, unless the relative velocity of the part 
having an easterly motion is very much greater. Hence, the dividing lines between the portions of 
the atmosphere having a relative east and west motion, must be within these parallels; and, as the 
outer limits of the trade-winds depend upon those lines, they must also fall within these parallels; 
and they are accordingly found to be about the parallels of 28°. 

The cause of high barometer about the paraUeln of 28®, a»d the low barometer at the polar circles. — 
The greater pressure of the atmosphere at the parallels of 28® than at the equator and the polar cir- 
cles can only l)e caused by an accumulation of atmosphere there. This accumulation results, neces- 
sarily, from the action of the new force which we have introduced into the theory of the winds. For, 
as we have seen, all the atmosphere l>etween the )>arallels of 28° and the poles has, and, according to 
theory, must have, a general eastern motion ; and this gives such a value to the analytical expression 
of the fourth force, enumerated above, as to cause the atmosphere to recede from the poles toward the 
equator. But the western motion of the atmosphere between the parallels of 28® gives that 
expression a negative value there; and, hence, this force causes the atmosphere to recede from the 
equator, also. This force, then, has a tendency to cause the atmosphere in the upper regions to recede 
both from the poles and the equator, and to accumulate about the parallels of 28®, and, as it may 
seem by merely insi>ecting the expression of this force given above, that for the same value of p, or 
motion of the atmosphere east or west, this force is much greater toward the poles than it is near the 
equator, it causes a considerable dei>ression of the atmosphere at the poles, and only a slight one at 
the equator, as represented in the diagram. The amount of this elevation and depression is not indi- 
cated entirely by the barometer, for the height of the barometer dei>ends upon both the height of the 
atmosphere and its density. Therefore, as the atmosphere is much denser at the polar circles than 
at the parallels of 28®, on account of its being much colder, the accumulation of atmosphere at these 
parallels and its de)>ression towards the iwles, must l>e considerable to cause the barometer to stand 
higher at these jmrallels than at the [)olar cir(*les. 

We shall now give the results of some calculations, based uikhi a n^a^^nable hypothesis, which 
show that this new force intnMluced is entirely adecjuate to produce an accumulation of atmos])here at 
the parallels of 28®, and a deprt»ssion of it at the iniles to such an amount, that the difference in the 
height of the barometer at the parallels of 28® and the i>olar cin^les, may corresjwnd with observa- 
tions. As friction is a very im)>ortant element in calculaticms of the motions of the atmosphere, and 
\{» effect cannot l)e determined, it wouhl be inqmssible to calculate the motions of the atmosphere 
from the fon*es which ai't u|mui it, if they wei^e even airurately known. We will therefore a^ssume 
certain motions of the atmosphere, which are known not to vary much from observation, upon which 
we will base our calculations. If we assume that the east and west motions of the atmosphere may 
be represented by the exf>ression 2 sin. \ p cos. f />r, /> l)eing the i)olar distance of the place, it would 
make these motions vanish at the i)oles and at the ])arallels of 30®, and we have reason to think, would 
pn*tty well represent the motions <»f the atmosjihere east an<l west at all latitudes except near the 
equator, where it would make it a little too great. V\\ou this assumption it may be shown by calcu- 
lations, the results of which only can Ik* given here, that if r, or the maximum east or west motions 
of the atmosphere, were only ten miles ]K*r hour, it would cause a hea)>ing up of the atmosphere near 
the parallels of 28® which would make the barometer, if the atmosphere were everywhere of the same 
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density, stand two inches higher here than at the poles. The same hypothesis would also make the 
depression at the equator only one-ninth that at the poles. If we now suppose that the greater specific 
gravity aloiie of the atmosphere at the poles, is sufficient to cause the barometer to stand one inch 
higher there than at the equator, which would only require a difference of temperature of about 16°, 
it would still leave a difference in the height of the barometer between the i>oles and the equator about 
equal to the observed difference in the southern hemisphere. It would also add a little to the depres- 
sion of the barometer at the equator, which would make it a little more than one-ninth of that at the 
poles, and consequently make it correspond with observation. We think therefore it is evident that 
the observed difference in the height of the barometer in different latitudes, is owipg to the joint 
effect of a gradual increase of s{>ecific gravity from the equator to the poles, and of a heaping up of 
the atmosphere near the parallels of 28®, caused by the action or this new force which we have taken 
into account. 

Explanation of the passage-tcindtt and calm-belts at the Umitn of the trade-winds . — As the pressure of 
the atmosphere, on account of its accumulation there, is greatest about the parallels of 28°, this 
pressure has a tendency to cause it to rush out from beneath both, towards the poles and the equator. 
If the motions of the atmosphere were as great at the surface of the earth as in the upper regions, the 
force wh'ich causes a heaping up of the atmosphere about the parallels of 28°, would be as great below 
as in the upper regions, and would prevent the flowing out of the air below towards the poles. But, 
on account of friction, the eastern motion of the atmosphere cannot be so great at the surface of the 
earth as above, and consequently the accumulation of atmosphere mentioned above, is caused princi- 
pally by the upper currents, and the pressure which causes it to flow out below towards the poles, where 
the barometer, as we have seen, stands much lower, is greater than the force below which causes the 
accumulation of atmosphere. The lateral pressure then of the atmosphere, and its horizontal motions 
north and south, depend upon three forces ; first, the greater density of atmosphere towards the poles, 
which has a tendency to cause it to flow at the surface of the earth, from the poles towards the equa- 
tor; and, secondly, the heaping up of the atmosphere at the outer limits of the trade-winds, which 
causes it to rush out below, both towards the equator and the poles; thirdly, the action of the force 
depending upon the east or west motion of the atmosphere, which we have seen, must be greater 
above than at the surface of the earth. Bet\veen the parallels of 28° and the equator, the first two 
forces combine against the latter, which is small near the equator, and produce a strong and steady 
current at the suface of the earth towards the equator, which, being combined with the rotatory 
motion of the earth, gives rise to the trade-winds. Beyond these parallels, the first and third forces 
are opposed to the second, but it may be seen from the analytical expression of this second force, 
obtained from our preceding assumption, and which cannot be given here, that this force is very great 
in the middle latitudes, and consequently it prevails over the two, causing a current towards .the 
poles, which combined with the rotatory motion of the earth, produces the southwest winds in the 
northern hemisphere, and northwest winds in the southern hemisphere, called passage-winds. This 
force ha^ its maximum about the parallels of 48°, and above these it decreases rapidly, so that at the 
polar circles the other two forces begin to prevail over it, and cause a current from the poles. The 
forces then acting upon the atmosphere at the surface of the earth, causes it to flow in opposite direc- 
tions, from the parallels of 28° and the poles, and to flow together near the equator and the polar 
circles. Hence, there is a rising up of the atmosphere at the latter places, and a flowing thence in 
the upper regions to the former places, where it descends, and thus a system of current is produced 
as represented by the arrows in the external part of the diagram, which represents a meridional ver- 
tical section of the atmosphere. It was shown that about the parallels of 28°, the atmosphere can 
have no motion east or west, and it has now been shown that these are the parallels also of greatest 
pressure, whence the currents flow both towards the equator and the poles, consequently there must 
necessarily be here calm-belts, such as are well known from observation to exist. • 

We think now, it is manifest, that the introduction of our new force into the theory of the winds, 
exactly accounts for all the principal motions of the atmosphere, and clears up the difficulties which 
have heretofore puzzled meteorologists. 

Maury^a theory of the crossing of the icinds. — In order to aecount for the motions of the winds and 
other phenomena. Lieutenant Maury advances the theory that there is a crossing of the winds or 
currents at the calm-belts of the equator and the parallels of 28°; that the currents flowing at the 
surface towards the equator, cross there, each one becoming the upper current in the other hemisphere 
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after it crosses the calm-belt at the equator, and then flowing towards the poles until it meets the 
upper current flowing toward the equator about the parallel of 28°, where there is supposed to be 
another crossing, each current then becoming again the surface current, and flowing iu the same 
direction as before.* He also makes, by his arrangement, the rains in each temperate zone depend 
upon the vaiwr received by the winds in their passage to the equator as a trade-wind in the opposite 
hemisphere. We think there is no necessity for resorting to such an argument to account for the 
phenomena of the winds, but that they are all satisfactorily^ accounted for, as above, by tracing out 
the effects of well-known ibrces without resorting to the mysterious agents of magnetism and elec- 
tricity. Besides, there is no known principle by which two currents can interpenetrate and cross each 
other without mingling together, and, especially, is there none by which a ciurent saturated with 
vapor can pass through a dry current and each one afterwards retain its distinctive character of a 
moist or dry current, which this theory require*. 

The fact that Ehrenberg has discovered South American infusoria in the blood-rains and ^^ sea-dust " 
of the Gai>e Verde Islands and other places, does not prove the crossing of the winds; for, according 
to the explanation of the winds given above, there are two currents flowing into each calm-belt, and 
also two flowing out in opposite directions, as it were from a common reservoir, and, consequently, 
whatever is carried into these belts from either side flows out again in each direction; and so infu- 
soria in one hemisphere can easily pass to the other without a distinct crossing of the currents. And 
if even the moist currents of the torrid zone could pass through the dry ones to the temperate 
zones, the}' could not produce rain there; for Professor Espy has conclusively shown that no descend- 
ing current, however saturated with moisture, can ever produce rain.t 

Explanation of the wind^ at the Peak of Teneriffe. — We have stated that the greatest atmospheric 
pressure is about the parallels of 28®, but these can not be accurately the parallels of the greatest 
accumulation, for this pressure de|)ends both u|>on the height of the atmosphere and its density, and, 
as the density increases gradually with the latitude, there must be an increa^^ of pressure beyond 
the parallel of greatest accumulation, until the decrease of pre^ssure from the one cause equals the 
increase from the other. But, as the calm-belts in the upper regions must l>e where the currents 
meet, and consequently where there is the greatest accummlation of atmosphere, it follows that the 
calm-belts are not exactly at the same parallels at the surface of the earth as in the upper regions 
but that they incline al>ove toward the equator, as represented in the diagram. And this explains 
the peculiarity in the winds at the Peak of Teneriffe. This peak stands near the outer limits of the 
tra<le-winds, and, as this limit movas north and south with the seasons, the northeast and southwest 
winds are found to prevail at the base alternately. But at the top of the peak the southwest winds 
always prevail, because, when the calm-belt is furthest north, it still leaves the top of the i)eak north 
of it, where the southwest winds prevail, while the northwest trades are blowing below. When this 
belt occupies its most southern |)osition, it leaves both the top and bottom of the jieak north of it, 
and, consequently, the southwest wind blows both at the top and the bottom. In the fall, as the 
calm-l>elt moves south, more of the i)eak grailually l>ecomes north of the calm-belt, and hence the 
southwest winds, which always prevail at the top, should gradually descend lower on the |>eak until 
thev reach the base, which is exactlv in accordance with observation. 

The effects of continents. — If the surface of the earth wei^e all covered by the sea, uninterrupted by 
continents, the trade-winds and piussage- winds, and also the calm-l>elts, would extend, without any 
interruption, entirely around the earth. But continents, and especially high mountain ranges, seem 
to have a very material effect in changing this regular system of winds. Thus the high table-lands 
and mountain ranges in Mexico and the western ]>art of the United States, seem to turn the west- 
ward current of the trade- winds on the Caribbean sea and the Gulf of Mexico northward over the 
parallel of the calm-belt into the United State.s, where it arrive.s at the latitudes where the atmosphere 
has a general tendency to flow eastwanl, and thus a kind of aerial gulf-stream is prmluced. This is 
evident not only from observations on the general directions of the winds in the Gulf of Mexico and 
the United States, but also from the observed routes of storms, which must be governed very much 
by the general movements of the part of the atmosphere in which they occur. Instead of the regular 
trade-winds from the northeast in the Caribbean sea, the prevailing course of the lower current, is 
from a point south of east instead of north of east.J It is also found from observations at Barbadoes 
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that, while tlie eastern windvS are moat prevalent, the southeast winds greatly predominate over the 
northeast ones. Of a groat many hurricanes, also, which had their origin in the Atlantic, east of the 
Caribbean sea, and whose routes have been determined by Mr. Redfield, nearly all moved in a 
direction north of west, until they arrived at the longitude of Florida or the Gidf of Mexico, where 
they curved around towards the north, and after passing the parallel of the calm-belt, towards the 
northeast, in the direction of Newfoundland and the northern part of the Atlantic. And this is 
exactly the route we would suppose the westward currents of the lower part of the atmosphere, 
inteiTupted by the high mountain ranges of Mexico, would take. But on the west coast of North 
America, the eastward current of the northern part of the Pacific, impinging against the range of the 
Bocky mountains, is turned down towards the equator, and hence the prevailing direction of the wind 
on the Pacific, west of Mexico, is from the northwest. The eastern coast of Africa also seems to 
have a similar efiect upon the westward current of air in the Indian ocean; for the hurricanes which 
originate in that ocean, on approaching that coast, are turned southward and finally towards the 
southeast into the southern ocean. The typhoons, also, of the China sea seem to be infiuenced in a 
similar manner by the eastern part of Asia. These changes of the general directions of the wind 
which prevail on the open ocean must he caused by the continents. 

Hurricanes and storms. — Hurricanes are generally supposed to be produced by the meeting of ad- 
verse currents, which produoe^ gyratory motions of the atmosphere at the place of meeting. That 
they may receive their origin and first impulse in this way, we think is very probable ; but that violent 
hurricanes, extending over a circular area of nearly one thousand miles in diameter, and continuing 
for ten days, and proceeding with increasing violence from the torrid zone to high northern latitudes, 
depends upon any primitive impulse alone, we think is very improbable. For if even any part of the 
atmosphere should receive such an impulse as to produce a most violent hurricane, friction would soon 
destroy all motion and bring the atmosphere to rest. Besides, no gradually a<;eelerat«d motion can 
depend upon a primitive impulse alone, even where there is no friction. Hurricanes then, and all 
ordinary storms, must begin and gradually increase in violence b^'^ the action of some constantly act- 
ing force, and when this force subsides, friction brings the atmosphere to a state of rest. This force 
may he furnished by the condensation of vapor ascending in the upward current in the middle of the 
hurricane, in accordance with Professor Kspy's theory of storms and rains. According to this theory- 
all storms are produced by an ascending current of warmer atmosphere satumted with moisture, and 
this current is kept in motion by the continual rarefaction of the atmosphere above by means of the 
caloric given out of the vapor which is condensed as it ascends to colder regions above. Therefore, 
as long as this ascending current can be supplied with air saturated with vapor this continual rare- 
faction must take place, and also the ascent of the air in the middle of the hurricane and the conse- 
quent rush of air from all sides to supply its place. If, then, all the lower stratum of atmosphere 
over a large district were saturated with vapor, without some disturbing cause, it might remain 
undisturbed; but if from any cause an ascending current is produced, either by local rarefaction of 
air by means of heat, or by the meeting of two adverse currents, which produces a gyratory motion 
and consequent rarefaction in the middle on ac<50unt of the ])ressures being taken away by the centrif- 
ugal force, as soon as the air below, saturated with vapor, ascends to the colder regions above, the 
vapor is condensed and the caloric given out continues to rarefy it so long as the ascending column is 
supplied with moist air, and <?onsequently the surrounding colder air pi-esses in below from all sides, 
and thus a hurricane of more or less violence is produced and kept up for ten or twelve days, moving 
with the general direction of the motion of the atmosphere where it occurs. The violence then of the 
hurricane, and also its duration, depends upon the quantity of vapor sup[>lied by the currents flowing 
in below. Hence, it is, that the tropical hurricanes which oiiginate in the Atlantic, east of the 
Caribbean sea, do not abate their violence until they reach a high northern latitude where the atmos- 
phere is cold and dry. 

The cause of the gyratory motions of hurricanes. — It has been well established by Redfied, Reid, 
Piddington, and others, that all hurricanes and ordinary storms have a gyratory motion around a 
center, and that these gyrations in the northern hemisphen*, are from right to left against the hands 
of a watch, but in the southern hemisphere from left to right with the hands of a watch. There are 
some, however, amongst whom is Pwfessor Espy, who deny the gyratory character of storms entirely, 
and contend that there is only a rushing of the air from all sides below towards a centre without any 
gyration. We think that this gyratory character of storms has been too well established to admit of 
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any doubt. No one, ho never, has ever given any satisfactory reason why these gyrations in the one 
hemisphere are always sinistrorsal and in the other dextrorsal. It is tnie, Mr. Bedfield* endeavors to 
account for the sinistrorsal gyrations of the hurricanes and storms which proceed from the Gulf of 
Mexico towards Newfoundland, by means of the peculiarities of the aerial currents in the region of 
the Gulf and the adjacent coast of the Pacific. But if there are the same kind of gyrations over the 
whole hemisphere, it is evident that the cause which produces them must be as extended as the hemi- 
sphere itself. It has also been suggested that this tendency to a distinct kind of gyration in each 
hemisphere, may bfe owing to the magnetism of the air.t 

We shall now undertake to show that there cannot be a rushing of air from all sides towards a 
center, on any part of the earth except at the equator, without producing a gyration, and that the 
tendency to a distinct kind of gyration in each hemisphere, is owing, neither to any peculiaritie>s of 
the winds or aerial currents, nor to the mysterious agent of magnetism, but that it results, as a neces- 
sary consequence, from the action, upon the atmosphere, of the four forces which we have taken into 
consideration in the first part of this essay. 

It has been shown that when a particle of air receives a motion toward the poles it is deflected 
toward the east, as in the passage-winds, but when it receives a motion toward the south, there is 
a force which also turns it towards the west, as in the trade-winds. It has likewise been shown that 
when the air has a relative motion east, it ha« a tendency, on account of the greater centrifugal force, 
to move also towards the south, but that when it has a relative motion west, it has a tendency, on 
account of the diminished centrifugal force, to move also towards the north. If, then, we suppose 
that the air at 3f, N^ 0, and Pon the diagram (page 8), has a tendency, on account of rarefaction 
or for any other reason, to flow towards c, from what has been stated, the air at M would not move 
equally towards c, but would be deflected northward a little towards wi. In like manner the air at N 
would move towards n; that at towards o; and that at P towards p. Hence it is evident that 
when there is any force which tends to make the surrounding air flow towards a center, the resultants 
of all the forces which act ni)on it must cause it to receive a gyratory motion, and that this motion in 
the northern hemisphere must be sinistrorsal, but in the southern hemisphere the contrary. 

It may be observed here that these gyrations are not circular but spiral, gradually approaching 
the center ; for the forces which t^nd to produce these gyrations depend for their efficacy upon a 
motion from all sides towards the center. First, the forces of which we have already treated tend to 
give the atmosphere a gyratory motion as soon as it begins to converge towards a center ; and secondly, 
these gyrations, however slight, being once produced, the centripetal force, which causes the air to 
flow towanls the center, accelerates these gyrations a« they approach the center, upon the principle 
of the preservation of areas, just as the gyrations of a body, when it is made to gyrate around another 
by means of a string, are rapidly accelerated as the string becomes shorter. Hence, if the first of 
these forces In? only sufficient to ])roduce a very slight gyration, the latter or centripetal force may 
cause very rajud gyrations near the center. And it is only upon this principle that the rapid motion 
of the air in a hurricane can l>e produced, and any theory which does not take this principle into 
account is defective. This centripetal force is caused by the superior pressure of the denser atmos- 
phere on the borders of the hurricane or storm, and consequently prevails only in the lower part of 
the atmosjjhere. In the up]>er regions it has a tendency to recede from the center for two reasons; 
first, on account of the gynitory motion which it has received below in approaching the center, which 
it still, in some measure, retains alter ascending to the regions almve, where the surrounding pressure 
does not prevail, and consequently the centrifugal force resulting from the gyrations, causes it to 
recede from the center; secondly, because the ascending current causes an accumulation of atmos- 
phere al)ove the general level, which gives it a tendency also to flow out in all directions from the 
center. These motions, however, are not distinctly towards and from the center, but in spirals, so 
that the currents Ik»1ow may l>e at right angles with the currents almve; and hence it is that in our 
ordinary st4)rms attended with rain, the clouds in the lower part of the atmosphere frequently' move 
in a direction at right angles with the direction of those almve. 

It has l3een stated that the gyrations below appn)ach the centner in a spiral, but this approach must 
be slow towards the centor; for, at a certain distance from the center, the gyrations become so rapid 
that the centrifugal fon^e nearly equals the centrii)etal, pnnlucxjd by the external pressure of the 
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atmosphere, aud then the further approach towards the center in a great measure ceases, and conse- 
quently the force which produces the gyrations. Hence, at a certain distance from the center the 
hurricane has the greatest violence, and within this circumference, friction in a great measure destroys 
the gyrations, so that the middle of our most violent hurricances is a calm. The extent of this calm 
is a circle, varying generally from five to thirty miles in diameter. 

If we examine the analytical expressions of the forces which produce these gyrations, we will see 
that at the equator they have no value, and hence no hurricane can have its origin exactly on the 
equator. Accordingly, of all the hurricanes which have originated within the tropics, none have 
been traced back to the equator, but always to some region from 10® to 20° from it. 

The reason why the hurricanes which originate east of the Caribbean sea pass northward to the 
east of the United States, may be owing to the direction of the wind here and on the Caribbean 
sea, which generally blows north of west, as has been observed in the former part of this essay. If 
the general direction of the trade-winds prevailed here, they would be carried on towards the equa- 
tor, as those without doubt are which originate at other places in the same latitude. 

We come now to the second part of our subject, the currents of the ocean. 

The general motions of the ocean. — Inasmuch as the atmosphere and the ocean are both fluids some- 
what similarly situated, except that the latter only partially surrounds the earth, and are both subject 
to the same disturbing influences of a difference of a temperature between the equator and the poles, 
it is reasonable to suppose that there is a similarity of their geneial motions. This is known from 
observation to be the case, except that the continents interfere more with the motion of the ocean 
than with those of the atmosphere. The general motion of the ocean in the torrid zone, where it is 
not interrupted by continents, is toward the west with an average velocity of about ten miles in 
twenty-four hours. Towards the i)oles the motion, in general, is towards the east, which is a necessary 
consequence of the preservation of areiis; for if one* part have a western motion, another part must 
have an eastern one, a« was shown with regard to the atmosphere. If, then, there were no continents, 
there would be a general flowing of all the tropical parts of the ocean westward, and of the remaining 
parts toward the east. But when the tropical or equatorial current impinges against the eastern sides 
of the continents as in the Atlantic, a part is turned along the eastern side towards each pole. Like- 
wise, when the eastern flow towards the poles, strikes against the western side of a continent, it is 
deflected towards the equator. Hence the northern parts of both the Atlantic and Pacific, have a 
tendency to a vortical motion, their tropical parts moving westward, and then turning northward 
on the eastern sides of the continents and joining the eastern flow, and south again towards the equator 
on the western sides of the continents. And it is evident from observation, that the southern parts 
of these oceans, and also the Indian ocean, have a tendency, in some measure, to the same kind of 
motions, except that the continents do not extend so far south, and consequently only a part of the 
eastern flow is turned toward the equator, the rest flowing on and producing the general eastern 
motion of the waters observed in the southern ocean. 

The forces which produce the motions of the ocean. — ^The primum mobile of the motions of the ocean, 
as of the atmosphere, depends principally ui>on the difterenc€ of temperature between the equatorial 
and polar regions. The temperature of the ocean, on the surface at the equator, is about 80°, and it 
has a temperature above the mean tem(>erature of the earth, which is 39°.5, to the depth of 7200 feet. 
Towards the poles it is below the freezing-point, and continues below the mean temperature at the 
parallel of 70°, to the depth of 4500 feet.* As water ex])an(ls about 0.000455 of its bulk for every degree 
of increasing temperature, and sea-water contracts down to the temperature of 28°, calculations based 
upon these data, supiwsing the temperature to increase or decrease in proportion to the depth, make 
the specific gravity of the part at the equator, so much less than that at the poles, that it would have 
to rise about ten feet above the general level at the equator to be in equilibrium at the bottom of the 
sea, with the part at the iK)les. But then the equilibrium at the surface would be destroyed, and the 
waters would flow there towards the poles, where the superior pressure at the bottom over that of the 
equator, would cause a current to flow back at the bottom of the sea, towards the equator. Hence, if 
this cause of disturbance existed alone, there would be a current at the bottom of the sea from the 
poles towards the equator, moved by a force equal to the pressure of a stratum of water of about five 
feet, and one at the surface from the equator towards the poles, moved by an equal force. But this 
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16 WINDS AND CURRENTS OF THE OCEAN. 

motion, combined with the rotatory motion of the earth, gives rise to other forces, just a« in the case 
of tne atmosphere, which greatly modify these motions, as will be shown hereafter. 

The preceding are the principal' forces concerned in giving motion to the waters of the ocean. 
Lieutenant Maury, however, lays little stress upon these, and seems to think that the principal 
agencies concerned in these motions, arise from evaporation, the saltness of the ocean, galvanism, &c.* 
Bnt we think it may be shown that these agencies can have no perceptible effect. 

First, Lieutenant Maury supposes excessive evaporation to take place within the tropics and this 
vapor to be carried away and precipitated in extra-tropical regions, and infers that this would have, 
at least, a very sensible effect in producing the currents of the ocean. He puts the amount of evapora- 
tion of a stratum of one-half of an inch per day. Xow if a stratum of water one-half of an inch in 
thickness is evaiwrated in twenty-four hours in one place and precipitated in another, it produces a 
difference of level of one inch between the two places, and the cuirents which it produces must be 
such as are sufficient to restore this level 4n the same space of time. Now we may judge how exceed- 
ingly small a current this would produce when we consider that there is arise of about two feet in the 
open ocean at one place and a fall of the same amount at another every six hours, caused by the tides, 
and yet the flowing of the water from the one place to the other to produce this rise atone place, and 
fall at the other, it is well knowii does ilot produce- ^ny sensible currents in the open sea. Again, this 
matter can be easily reduced to calculation. If a stratum of wat^r, one-half of an iitch in thickness 
were taken up by evaporation from the torrid zone, and none of it precipitated there but all conveyed to 
the temperate and i>olar zones, it may be demonstrated upon the supposition that the ocean is four 
miles in depth, that the flow of water towards the equator to restore the equilibrium in the same time 
would not amount to a velocity of one foot per hour. 

We think it may be likewise shown by calculations based ui)on reasonable hypothesis, if not en- 
tirely upon well-known data, that the salts of the sea also cin have but little influence in producing 
currents. Lieutenant Maury makes a similar hypothesis in treating of the influence of the salt of 
the ocean, which he does in treating of the influence of evaporation, and supposes that the excess of 
salt left in the torrid zone by the excess of evaporation there, and the great precipitation in the 
temperate and polar regions producer such a difference in the specific gravity as to destroy the 
equilibrium of the sea, and to have a very sensible influence in pro<lucing currents, and especially 
the Oulf-stream. 

With regard to the latter, he supposes that the water of the Gulf of Mexico has a much greater 
specific gravity than the water in the Atlantic, on account of the great evaporation to which it has 
been exposed in its passage from the coast of Africa across the Atlantic and through the Caribbean 
sea, and that, consequently, it is forced out into the Alantic by its greater pressure. Now, suppose 
it takes the water a 3'ear, which is about the actual time, to pass from the coa^t of Africa to the 
Gulf of Mexico; in this time, according to the hypothesis, there is evai)orat4?d a stratum of water 
fifteen feet in depth, and, ivs the salt contained in this stratum can not be eva[)orated, it remains in 
the part left, and increases its saltness. But sea- water contains only about three per cent, of saline 
matter, and consequently the amount of salt contained in this stratum of fifteen feet only increases 
the weight of the rest to an amount equal to the weight of a stratiun of water about six inches deep. 
Hence, it only gives the water of the Gulf a tendency to flow out into the Atlantic with a force equal 
to the force with which a homogeneous fluid would flow out with its surface six inches above the gen- 
eral level of the Atlantic. This is much less than the opi)osing force arising from the great specific 
gravity of the water in the northern part of the Atlantic on account of its lower temperature, as we 
have shown by calculations. The same reasoning may be applied to any other part of the ocean; 
for, if the salt of the ocean has any influence in producing currents, it must be to produce an under- 
current from the torrid zone, where evaporation is suppose<l to be in excess, toward the poles, and, 
consequently, a counter-current at the surface from the i)oles toward the equator. But, upon any rea- 
sonable hypothesis, the water at the surface cannot lose by evaporation in ])a.ssing from the poles to 
the equator, a stratum of water of such a depth, that the amount of salt contained in it can increase 
the specific gravity at the equator as much as the lower temi)erature increases it toward the poles; 
hence, if the salt of the sea has any sensible influence, it is only in opposition to a greater influence, 
and, consequently, it has a tendency to diminish, rather than increase, the currt»nts of the ocean. 
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We think it, therefore, manifest that neither evaporation nor the salts of the sea can have much 
influenc>e in producing currents, even upon Lieutenant Maury's hopothesis, that evaporation is greatly 
in excess of precipitation in the torrid zone. But is this a true hypothesis! Although there is a 
great evaiwration in the torrid zone, there is also great precipitation; for, with few exceptions, more 
rain falls at the equator than in any other part of the earth, and it is only the amount of evajwration 
over precipitation that should be taken into account, which we have reason to think is very small, 
and, if Professor Espy's theory is cx^rrect, it can not be anything; for, according to this theory, no 
vapor can pass from the torrid to the temperate zones and produce rain, since the current bearing it 
there would be a descending current, and consequently could not produce it. 

2'he ocean not level, — As it has been shown in the case of the atmosphere, that the residtant of 
the forces causes an jKJCumulation about the parallels of 28°, so, as the motions of the ocean are 
somewhat similar, and it is acted upon by the same forces, it may be shown that there must be a 
slight accumulation about those ])arallels in the ocean also. Whatever may be the causes of the motions 
of the oc^an, we know that in the torrid zone it has a small western motion, and in the other parts a 
slight motion towards the east. The great e(|uatorial (current of the Atlantic moves about ten miles 
in twenty-four hours; but if we suppose that the average motion of the water in the torrid zone is 
five miles only per day, and that the maximum velocity of the water ea^stward in the extra-tro])ical 
regions is the same, using the same hypothesis which we did with regard to the atmosphere, the 
forces which result from these motions must cause an accumulation of more than forty feet al>outthe 
parallels of 28°, alx^ve the level of the sea at the poles, and about five feet above the level of the equator 
This, however, would be the amount of accumulation to produce an equilibrium of the forces at the 
surface, but as this accumulation would then ])roduce a greater pressure there upon the bottom than 
towards the poles and at the equator, it would produce, as in the case of the atmosphere, a flowing 
out from beneath this accumulation towards the poles and the equator, and settling down of the sur- 
face above, below the state of equilibrium, sufficient to cause a counter-current at the surface from 
the poles and the equater to supply the currents below. The accumulation there would be only about 
one-half that stated above, and there would be a flowing of water at the surfaoe frem both sides 
towards the parallels of 28°, and below a current in both directions from these parallels, similar to 
the motions of the atmosphere. 

That the water of the ocean ha*; such a motion as has been stated, appears from observations of 
its motions and other circumstances. Says Lieutenant Maury, "There seems to be a larger flow of 
polar waters into the Atlantic than of waters from it, and I cannot awount for the preservation of the 
equilibrium of this ocean by any other hypothesis than that which calls in the aid of undercurrents." 
It is well-known that in Baffin's bay there is a strong surface-current running south, and a strong 
counter-current beneath running north. Another evidence of this general tendency of the waters, is, 
that icebergs, in both hemispheres, are drifted from the iwles towards the equator, and in the south 
Atlantic sometimes reach the parallel of 37°. It is also evident tjrom the fact that, in both the north 
Atlantic and Pacific oceans, there are large collections of drift and sea-weed about the parallels of 
28°, so thickly matted that vessels are retarded in passing through them.* 

These collections can only be formed by the flowing of the wat^r at the surface from lM>th sides to 
these parallels. It ha« been supposed that these collections are owing to the slight vortical motions 
of these oceans, it being supposed that any floating substances on the surface would have a tendency 
to collect at the vortex. This, however, would not be the case, for on account of friction at the 
bottom, the surface would have a greater vortical motion than the bottom, and conse(|uently the 
water would be driven very slowly at the surface by the centrifugal force towards the si<les, where it 
would cause a slight elevation and increase of pressure, which would cause the water to return towards 
the vortex at the bottom and not at the top ; and hence floating sulKstances at the surface could have no 
tendencv to collect at the vortex. 

We have corroborated these deductions from theory by numerous experiments made with a vessel 
of water with light substances on the surface. When the vessel is first receiving a vortical motion^ 
the substances collect in the middle ; for, as it is the vessel which gives motion to the water by means 
of the friction, the vessel, and consequently the bottom of the wator, has then a greater motion than 
the top; and hence the reverse of what is stated above takes place; but, if the vessel is now stopped, 



* Hunit>ol(lt'i> Connit*. vol. 2, page 278. 



I 



» 



I 



18 WINDS AND CURRENTS OF THE OCEAN. 

and the vater within allowed to continue its motion, the vortical motion at the bottom is retarded faster 
than at the top, and soon has a slower motion there, when the light substances on the surface are 
seen to recede from the vortex towards the sides, and if there are any light substances on the bottom, 
they collect in the centre, all of which proves, that the water recedes from the middle at the surface, 
and returns to it at the bottom, and exactly agrees with the deductions from theory. These collec- 
tions of sea-weed, then, cannot be caused by the vortical motions of the oc^an, but must be the 
result of a general tendency of the surface water, to flow from both the equator and the poles towards 
these parallels; and, as it is prevented from collecting on these parallels near either side, on account 
of the slight vortical motion of the ocean, it collects only in the middle. 

Explanation of the Onlf-Htream, — We cx)me now to the Gulf-stream, which has been a puzzle to 
philosophers ever since it was discovered. Many explanations have been given, and all known forces 
which can have any influence, have been brought in to account for this wonderful phenomenon. The 
most usual explanation is, that it is the escaping of tlie waters which have been forced into the Carib- 
bean sea and the Gulf of Mexico by the trade- winds, which have been supposed to raise their surface 
above the general level, and thus aflbrd a head as it were for the stream. This, without doubt, has 
a very considerable effect, but it has not generally been deemed adequate alone to account for the 
1 phenomenon, nc»r does it, in connection with all other known influences, affi^rd a satisfactory explana- 

I . tion. '^ What is the cause of the Gulf-stream," says Lieutenant Maury, " ha^ always puzzled phil- 

' osophers. Modern investigation and examinations are beginning to throw some light upon the sub- 

ject, though all is not yet clear." 
! We shall now endeavor to show that the additional force whi(;h we have taken into account in ex- 

j plaining both the winds and the currents of the ocean, and which seems to have been overlooked here- 

j ■ tofore, will at least throw much additional light u|K)n the subject, if not afford a complete explanation. 

i We have shown that this force, which results from the eastward flow of the water in the extra- tropical 

I regions, and from the western motion within the tropics, has a tendency to drive the water from the 

;l poles towards the equator, and also slightly from the equator towards the poles, and to produce an 

i accumulation of at least twenty feet on the parallels of 28° above the level at the poles, upon the sup- 

j ; position that the maximum of this east and west flow is only ftve miles per day. But if, from any 

cause, the force which results from this eastward flow should be cut off* at any ])lace, the water would 
flow northward at that place with a force equal to that which would result from a head on the 
parallels of 28°, at least twenty feet above the level towards the poles. Now, it may be seen from the 
configuration of the coast of the United States, that this force is actually cut off" along that coast; for 
this force depends upon the eastward flow of the water there, which it cannot have, inasmuch as it 
^ must flow in both ways along the coast to fill up the vacuum which such a motion would produce. 
As the Gulf of Mexico), therefore, and the adjacent parts of the Atlantic, lie in the parallel of greatest 
accumulacion, the water must flow from these parts along the coast with a force equal to that stated 
above. In addition to this, the momentum of the water flowing westward in the torrid zone, with a 
motion depending upon the prime moving coui-se, due to a difference of specific gravity between the 
poles and the equator, in connection with the rotatory motion of the earth, and being inde|)endent of 
the eff'ect of the trade-winds, must force the water in the Caribbean sea and the Gulf of Mexico con- 
siderably above the general level and add to the preceding force. When we consider that the motion 
of the water which ]>roduces tides on our coasts, is in general imperceptible in the oi)en ocean, and 
yet, on acxM>unt of the sloping bottom of the ocean, which causes a smaller volume of water to receive 
the momentum of a larger one, it causes considerable rise of the water along the coa.st, we have reason 
to think that the general tendency of water westward in the torrid zone may keep the water in the 
Gulf considerably above the general level, since its water and that in the Caribbean sea, if the bottom 
of the ocean be sloping, must in a great measure receive the momentum of the whole body of the 
water moving westward in the adjacent part of the Atlantic. The ea.stern tendency- of the water in 
the northern part of the north Atlantic, due to the prime moving force mentioned above and inde- 
pendent of tlie winds wiiich prevail there, causes the surface of the ocean in the latitude of New- 
foundland to 1m^ somewhat depressed below the general level next to the coast, which also adds to 
the fon'e of the Gulf-stream. All these forces, taken in <*onnection with the influence of the trade-winds 
to which this phenomenon has been mainly attributed, we think, furnish a complete and satisfactory 
explanation of that great wonder and mystery of the ocean, the Gulf-stream. 

The Qreenland and other currents. — The general eastward motion of the waters of the ocean in the 
f 
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northern part of the Atlantic, and consequent depression next the c^oast of North America, also fur- 
nish an explanation of the cold current of water flowing between the Gulf-stream and the coast of 
the United States, called the Greenland current. On account of the rotatory motion of the earth, 
the water of the Gulf-stream in flowing northward, tends to the east, and for the same reason the 
water flowing from Greenland and Baflfin's bay to supply the eastern flow, tends towards the west, 
and consequently flows in between the Gulf-stream and the coast of the United States. 

There must be a motion of the waters somewhat similar to that of the Gulf-stream and the 
Greenland current, wherever the great equatorial current impinges against a cx)ntinent, and the east- 
ward flow towards the poles is cut off*. Hence, on tlie eastern coast of South America, there is a warm 
Brazilian current towards Cape Horn, and on the eastern coast of Africa, the Mozambique current 
which at the Cape of Good Hope is called the Agulhas current. Also, on the eastern coast of Asia, 
there is the warm China current, flowing towards the north, similar to the Gulf-stream, and the cold 
Asiatic current, insinuating itself between it and the coast, like the Greenland cuiTent. 

On the western side of the continents a motion somewhat the reverse of this must take place. 
Hence, instead of a warm stream flowing towards the north, there is a cold current flowing towards the 
equator. On the west of Portugal, and the northern part of Africa, there is a flow of colder water 
towards the equator, and west of the southern part of Africa, is the cohl Atlantic current, also tending 
towards the equator, both to join the great equatorial current flowing across the Atlantic*. On the 
west coast of North America, also, there is a flow of colder water along tlie coast from the north, and 
on the west cx)ast of South America, is Huml>oldt^s current, 8° or 10° colder than the rest of the ocean 
in the same latitude, both tending towards the equator to there join the great western current across 
the Pacific, and to fill up, as it were, the vacuum which this current has a tendency to leave about the 
equat/or, on the western coast of America. 

Nashville, October 4, 1856. 
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the motions of fluids and solids relative to the earth's surface. 

BY W. KKRRKL. ASSISTANT IN THE NAl'TKAL ALMANAC OFKirK. 

[KeprintcM] from ** American JuuriiHl of Science," S«»c<»ntl Seri»«rt, Vol. xxxi., pajcei* '^7— "»I, May. ix»il. 

1. Under the above title I have published a paper in tlie ''Matliematical Monthly," in which I 
endeavored, by a complete analytical investigation of* the motions of ti aids surrounding the earth, 
arising from the different circ'umstances of a difference of pressure causi^d by a difference of temi>er- 
ature, combined with the modifying forces arising from the earth's rotntiou, to give a satisfact^iry 
explanation of all the general motions of the atmosphere and the W/ean, the cause of the gnniter 
barometric pressure of the atmosphere near the tropi(^s than at the e(piator and the poles, and of the 
greater pressure generally in the northern hemisphere than in the southern, to account for the 
motions of revolving storms in both hemispheres, from the e(piator towards the poles in the parabolic 
paths, and to establish completely their gyratory chanu'ter; none of which phenomena had ever l)een 
satisfactorily accounted for by any of the theories wiiich do not take into account the efiect of the 
earth's rotation. It has been suggested by some that a paper more popular in its character, although 
less complete, which shoubl contain oidy the more essential parts of the analysis, and in which 
familiar illustrations should supply in some mejusure the more diftic^ilt parts of the analysis, w(ml<l 
be more satisfactory to many readers. It is proposed, therefore, in this paper, in consequence of the 
general interest taken in the subject, to treat it according to this suggestion, and to give oidy the 
most essential part of the analysis, showing the influence of the earth's rotation, which being based 
upon well-known principles, instead of being dedu<*ed from general fundamental equations, is very 
simple, but is sufficient for a general understanding of the subject. 

I. The Effect of the Earth^tt Rotation upon Movin/f Bodien at itj< Surface. 

2. If a body were set in moti(m upon the surface of the earth, sn|)|)osed to be entirely without fric- 
tion, it would not in general move in the circumference of the great circle anmnd the earth, but would 
be continiudly deflected to <me side by a force arising from the earth's rotation. 

JjCt r Ih» the radius of the earth, 

the polnr distan<*e in an% 

if the longitude, 

n the angular velocity of the earth's rotation. 
Then r sin o is the distancre of a body on tl^e earth's surfa<»e from the axis of rotation, and r sin n* 
the centrifugal force in the direction of a perpendicular to the earth's axis, arising from the earth's 
rotation. U\ in addition to the angular motion common to all iHMlies at rest on the siu'fa<*e of the 
earth, the body has an angular motion Di <f relative to the earth, then the centrifugal force becomes 
r sin ^ (w -|- J)t <fY- Now if we resolve the preceding fon'e in the directions of the meridian and a 
perjK^ndicular to it, the part acting in the direction of the meridian, neglecting the small efiect of the 
earth's ellipticity, is r sin ^ cos {n -\- J)t y)*. The part of this foix;e which gives ellipticity to the 
earth's surface, an<r which is necessary to keep a bcxly at rest on the elliptical surface, and i)n»vent it 
from sliding toward the pole, is r sin cos w*. Hence the difference of these two fon'es, when the 
body has a motion eiustward relative to the earth, is a deflecting fon*e which has a tendency to cause 
the body to move from the pole to the equator. The difference of these forces is r sin e cos 
(2n -|- Dt 9) T)t if^ and hen<*e when the body is entirely free to move in any direction, we have 
(1 ) r Di* d=.r^\n0 cos / (2/i + A <f) A 9* 

3. Again, if the body has a motion toward or from the pole, it must satisfy the well-known prin- 
ciple of the preservation of areas, so that as it approaches the i)ole, and consequently the axis of rota- 
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tioii, t\w angular motion must be iiicreiised, that is, it mu»t acquire a motion eastward relative to the 
earth, but it* it recedes i'nmx the i)ole, it must a<*quire a relative westward motion. In order to satisfy 
the |)rece<liuji: principle, the motion must satisfy the following equation : 
(2.) r* sin* (n + 7>, v) = constant. 

Taking the derivative with I'egard to / we get 

(3.) r sin 7V <f=—2r cos (n + Dt <f) Dt 6. 

4. Equations (1) and {\\) determine the m(»ti<ms of a free body on the earth's surface. If the body 
is constrained to move either in the direction of a meridian or a parallel of latitude only, the deflecting 
force instead of causing a deflection, causes only a pressure. If we put P for the part of the force or 
pressure a<*ting in th(» direction of the meridian which depends upon the earth's rotation <mly, and 
Q for the part depending upon the earth's rotation which acts in the direction of a parallel of lati- 
tude, we have 

/ , I . j P=2 r n sin d cos Dt if 

/* ^ '^ I ^z= — 2 r/i cos ^ i>,^. 

I In the preceding equations r />/^ represent the lineal velocity of the body in the direction of 

/ ^ the meridian, and r sin. jp Dt if the lineal velocity relative to the earth in the direction of the par- 

allel of latitude. Hence the deflecting force is tlu» same in both directions in the same lineal velcwity. 

5. If r is the velocity of a body moving in any dii*ection whatever, and F the deflecting force {yer- 
pendicular to this direction, by resolving the preceding forces and velocities in the <lirection of v and 
the perpendicular to it on the right we get 

(5.) F=2 n rcos 0. 

In the northern hemisphere, cos. is positive, but in the southern, negative. Hence, we have 
established this important principle, «/i whatever direction a body moven^ it in ahcayn deflected to the 
right in the northern hemisphere^ and the contrary in the Houthern hemiJtphere. 

The foixies resolved in the direction of v cancel etu'h other, and hence the velocity is never a<*cel- 
erated or retarded. 

a. Since r n* repre.s<»nts the centrifugal force at the equator, arising from the earth's rotation, and 
is known to be yjj> of// or gravity, the preceding equation may be reduced to 

/^ V .7 2 r cos ^ 

This form of the expiation is ccuivenient tor comparing the force F with gravity. 

7. In the preceding equation r n is the lineal velo(*ity at the equator, and is equal to 1533.2 feet, 
the second being the unit of time. Hence n = (K)<K)72924. Also fj = 32.2 feet. 

It may be remarked here that the preceding deflecting force is not an absolute force, such as 
would be rccpiired to defle^rt a moving Ixxly fi-om a fixed direction in space, but is only relative, being 
somewhat (»f the nature of a centrifugal ioivvj and aiises from the fact that the directi<m relative to 
the earth to which the moving body is referred, is <'ontinually changing its direction with reganl to 
fixed directions in space. 

II. The General Motiontt and PreaHure of the Atmoaphere, 

H. Hy the general moti(Uis of the atmosphere are meant all those motions produced by a difterence 
of <lensity lM»tween the equatorial and jM^lar regions arising principally from a dift'erence of t^m- 
I^erature. If the atmosphere in all parts of the earth had the same density, every part would be in a 
state of statical e(pulibrium, and itssurfjwe and the strata of ecpial density w(mhl assume the ellipti- 
cal figure of the earth's surface, and (•onse(piently the pressure of the atmosphere at the earth's sur- 
face would Ih» every when» the same. Hut the temperature of the atmosphere being less, and conse- 
<piently its density gn»ater, in the polar than the ecpiatorial regions, the greater pressure of the i>olar 
regions caus4»s the surfaces of tln» atmosphere and the strata of equal density in the ecpiatorial 
regions to rise a little alH)ve the level (»f e<piilibrium, and hence the atmosphere in the upper regions 
flows towanl the poles, while the grt»ater pressure of the polar regions causes a counter-current 
towanl the etpiator in the parts nearer the earth's surface, which wouhl exteml down to the earth's 
surface, if it were not for the modifying causes arising from the friction of tin* earth's surface, which 
will be explained. If the earth had no rotation <»n its axis, this interchanging motion between the 
equatorial and |N>lar regions would 1m* exactly in tin* directions of the meridians; but having a rota- 
tion, from what has be(»n <lemonstrat<Ml in the prcccMling section, the atmosphere ab(»ve in flowing 
toward the |Mdes ac<piires an eastward motion relative to the earth's surface, and after de<*ending in 
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the palar regioti-s and Howiiig bat^k iieiirei' the earth 'is surface toward the equator, it tends toward the 
west, and on arriving in the e<|uatorial regions it han a westward motion. If it were not for the 
resistance of the earth's snrfiive, tiie mutual actions of the strata hik>u one another, whatever the 
initial state of the atmosphere, would cause them to have finally the same east or went motion at all 
heights ill the same latitude, and this motion would he such as to satisly equation (2), and also, since 
the miita) actions of the strata upon one another could not effect the sum of the moments, it would 
be such that the sum of tlie moments of all the particles would l>etlie same as that of the initial state 
arising from the earth's mtation and from any initial motion relative to the earth, which it might 
have had. This latter condition deteraiines the constant in equation (2), whiuii wan shown in my 
pa|>er in the "Mathematical Moutiily," to which I must refer for the method, tobe, on the hypothesis of 
an inital state of rest I'elative to the earth, ij r* n. With this value of the constant the expiation gives 
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a. Near the (Miles, where sin' is very small, D, y and consequently the lineal velocity rsin e l),ip 
must be very gi-eat. Towani the eiinator D, if is negative, and heiiee the motion there is westward. 
Flitting D, f ^\i, the equation gives sin* ^^, and heiiee the sine of the latitude where there is no 
motion east or west is equal to v'A* which auswei's nearly to the parallel of .'to". Hence between this 
parallel and the ]ioles the motion is eastward, but lietween it and the equator, toward the west. Fnnii 
what has been shown therefom in section 2, the eastward motion toward the poles, and the westward 
towanl the equator, since Ih if is negative there, must both cause a pressm-e toward the (larallels of 
35°, and consequently an itccumulation of atmosphere thei'e, and a depression at the i>oles and at 
the equat<n'. The amount of the pi'essiii'e is represented hy the term r sin eos fi (2n -{- D, 0) D, <p, and 
hence toward the [wle, where Jt, y is very large, this pressure is very great, and at the poles it would 
be infinite. Hence at the |>oles and at some distance trout them, on the hy[x>thesis of no resistances 
fnim the earth's surfaire, the atmosphere cannot exist. Between the parallels of :Ki° and the equator 
D, If is less and also eos 6, and consequently the pressure from the equator nn<l the depression there 
are comparatively small . It was shown in the " Mathematical Monthly " that in the c^ise of a fluid sur- 
rounding the earth five utiles high, the fluid would recede fnim the poles about 28° and be depressed 
at the equatoi' about 4,(I0() feet. This, however, is upon the hypothesis that the iqiwanl ex|>ansion 
of the atmosphere arising fnim a greater temperature is insensible. 

10. The preceding results, it must be remembered, are all upon the hypothesis that the atmosphei-e 
is not resisted in its motions by the friction of the 
earths's surface. Although these results are 
mach modiHed by the resistance of the earth's 
surface, yet they will lie of great advantage in 
explaining its general motions; for,af thoie cm 
be no I'esistance until there is motion, the atnios 
phere must have a tendency to assume, in some 
measure, the same motions and Hgiii-e as in the 
case of no resistances. Hence, towaifls the poles 
the genend motions of the atmasphere mnst be 
towanls the east, and in the torrid Mtw towaids 
the west, but as these motions, in consequence ol 
the resistances, are small in comparison with 
those in the citse of no resistance, instead of the 
atmosphei'e's re^tediiig entirely from the iiolev 
there must be only a comparatively small di'[)res 
sioii there, as represented in the figure, and in 
stead of its lieing about 4,tMMI feet lower at thi 
equator than at the place of its maximnm height 
near the tropicjs, there must be only a very .slight 
depression there, both on account of the small pressure tioi 
upward expansion arising from a greater tenqie rati ire 

II. That the atmosphere must assume the preceding tigiiie in consequence of the eastward inotiou 
toward the poles and westward motion near the equatoi, will be readily niidi'istood from the following 
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illuKtration : It is well known that if the atmosphere has the same motion of rotation with the earth, 
that it would assume the same figure. Now, if the whole atmosphere had a greater angular motion, 
that is, if it had an ejustward motion relative to the earth, the incretised centrifugal fortte would 
evidently cause it to accumulate at the equator and to be depressed at the poles. On the other hand, 
i'l! if it had a less angular motion, that is, a motion westward relative to the earth, it would a(K;umulate 

at the poles and be depressed at the ecpiator. Hence, since the motion is eastward in the higher 
latitudes and westward near the equator, it is plain that there must be a depression at both the poles 
and the ecpmtor, and consecpumtly an accumulation having it-s maximum height at some parallel 
between. 

12. The force which overcomes the resistance of tlie earth's surface to the east and west motion of 
the atmosphere depends upon the term in equation (3) containing Dt as a factor, which depends 

H upon the interchanging motion of the fluid between the equatorial and polar regions, and hence the 

term must vanish at the equator and the poles. All the east or west motion of the atmosphere is con- 
sequently destroyed by the resistances at these places, and hence, as />« vanishes there also, there is 
a belt of calms at the equator, culled the equatorial calm-belt, and there must be also, a region of 
calms about the poles. 

13. As the motion of the atmosphere is east towards the poles and west near the equator, some- 
where between the equator and the poles there must be a parallel of no motion east or west, which, in 
the case of no resistance, was determined upon the hypothesis of an initial state of rest, and found to be 
at the parallel of 35°, (section 9.) In the case of the atmosphere, this parallel is entirely indei>endent of 
the initial state of the atmosphere, and depends, in a great measure, upon the law of resistance, and 
hence it cannot be acxjurately determined. It is evident, however, that the east and west motions of 

r;! the atmosphere at the earth's surface must be such that the sum of the resistances of each part of the 

earth's surface multiplied into its distance from the axis of rotation, must be equal to 0, else the 
velocity of the earth's rotation would be continually accelerated or retarded, which cannot arise from 
any mutual action between the surface of the earth and the surrounding atmosphere. Now, as the 
part of the earth's surface where the motion of the atmosphere is west is much farther from the axis 
than the part where it is east, the latter part must comprise more than half of the earth's surface, 
unless the velocity of the eastern motion towards the poles is much greater than that of the western 
moiion near the equator. Therefore, since one-half of the earth's surface is contained between the 
parallels of 30°, the parallels of no east or west motion at the earth's surfiice must fall within these 
parallels, and they are accordingly found on the ocean to be near the tropics. Hence the maximum 
height of the atmosphere, as represented in the figure, must also be near the same parallels. 

14. Tlie incresuse of pressure arising from the accumulation of atmosphere near the tropics, caused, 
principally, by the deflecting forces (section 5) arising from the more rapid east and west motions of the 
atmosphere in the upper regions, where there is least resistance, gives the atmosjihere a tendency to 
flow from beneath this accumulation both towards the equator and the [)ole^, since the motions, and 
conseqiuMitly the forces which cause this accumulation, are much less near the surface; but, on 
acxM)unt of the greater density of the atmosphere towards the |)oles it has a tendency also to flow, at 
the earth's siu'face, from tlie poles towards the equator. Between the parallels of greatest pressure and 
the equator these tendencies combine and produce a strong surface current, which, combining with 
the westward motion there, gives rise to the well-known northeast wind in the northern hemisphere 
and the southeast wind in the scmthern hemisphere, called the trade-winds; but between the parallels 
of greatest pressure and the [)oles these tendencies are opposed to each other, and the one arising 
fn)m the accumulation of atmosphere near the tropics, being the greater in the middle latitudes, causes 
the atmosphere to flow at tlie earth's surface towards the poles^-And this motion, combining with the 
general eastward motion of the atmosphere in those latitudes, gives rise to the southwest wind in the 
northern hemisphere and the northwest wind in the southern hemisphere, called the passage- winds. 

15. Near the poles the tendency to flow towanls the equator seems to be greater, and causes a cur- 
rent there /row the poles, which, lieing deflected westward (section 5), causes aslight northeast wind in 
the north frigid zone and a southeast wind in the south frigid zone ; but this is only near the earth's sur- 
face, and the general tendency of the atmosphere in the upper regions must be towards the east, as 
will be seen. 

16. Since the atmosphere near the tropics can have no motion in any direction at the earth's sur- 
face, there are calm-belts there, called the tropical calm-belts. Near the polar circles, where the 
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polar and passage- winds meet, there must also be ralm-belts, which may be called polar calm-belts. 
The motions of the atmosphere, therefore, at the earth's siuface, if they were not modified by the 
influence of continents, would be as represented in the interior of the fi^ne, in which the heavy 
lines represent the calm-belts. On account of the influence of the continents, these belts are some- 
what displaced and irregidar, and on account of tlie varying position of the sun, they change their 
positions a little in different seasons of the years. The southern limit of the polar winds in the 
northern hemisphere, and also the limit betw(*en the tra<le iind passage- winds, has been determined 
by Professor J. H. CoflHn, from the <liscussion of a great number of observations at different [)oints, 
and given in a chart, in his treatise of the winds, published in the seventh volume of the " Smithsonian 
Contributions." 

17. That the atmosphere is depressed at the equator and the poles, and has its maximum height 
near the tropics, Jis has been represented, is in<licafed by barometrical pressure. It was formerly 
thought that this pressure at the level of the ocean, was very nearly 30 inches in all lafitudes; but it 
is now well established that it is much less towards the poles than near the tropics, and also a little 
less at the e(|uator. Says Captain Wilkes: ''The most remarkable phenomenon which our observa- 
tions have shown is the irregular outline of the atmosphere surrounding the earth as indicated by the 
pressure upon the measured column at different parts of the surface. Our barometrical observations 
show a depression within the tropics, a bulging in the temperate zone, again undergoing a depressi^m 
on advancing towards the arctic and antarctic circl(\s." 

Says Sir James Ross: * ''Our barometrical experiments appear to prove that the atmospheric 
pressuie is considerably less at the equator than near the tropics; and to the south of the tropic of 
Capricorn, where it is greatest, a gradual diminution occurs as the latitude is increased, as will be 
shown from the following fable, derived from the hourly observations of the height of the column of 
mercury between the 20th of November, 1839, and the 31st of July, 1843." 
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18. The following table just published by M. Schouw, and reduced here from millimeters to Eng- 
lish inches, shows that there is a bulging of the atmosphere in the middle latitudes and depres- 
sion at the i)oles in the northern hemisphere, similar to that observed in the southern hemisphere. 



Place. 



('h|>o 

Kio JaiuMnt .... 
(.'lirirttiuiibur):. 

Ln (tiiayra 

St. ThumaH 

Marao 

TenrrifTf 

MailiMra.. 

Tripoli 

PaU'rm<» 

Naples 

Flurenre 

Avignon 

Bologna , 

Padua 

I*aiiM 



Latitude 



'X\o (K S. 
2.1 S. 

:. :j<iN. 

10 

!!♦ 
2:{ 

2M 

.•J2 :!o 
:{8 

41 

4: J 30 
44 

44 .JO 
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L<»ndon 

Altona 
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Ber)fen 
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U<*ikiuvik 

(iodlliaab.. .. 

Eyaflord 

(Mtdhavn 

I'lMTnavik ... 
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M 30 
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56 
Ml 
tiO 
GO 
64 
»4 
60 
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73 

74 30 
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2<».«.»til 
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2'.»,70.3 
2i».700 
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29.669 
29.674 
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2i».8(>7 
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19. From the preceding tables it is seen that the barometric pressure is much less, esi)ecially in 
the southern hemisphere, towards the poles than at the equator, although the density toward the 
poles is much greater, and hence the depression there must be considerable. 

20. It has been seen (section 1), that, in consecpience of the earth's rotation, the interchanging 
motion of the atmosphere between the e(iuatoran<l the poles gives rise to a force, by which this motion 
itself is counteracted. For instance, the motion toward the poles in the upper regions causes an east- 
ward motion which gives rise to a forc^ toward the equator, and which consequently counteracts the 
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motion towanl the poles, ami the motion towards the eciiiator produces a westward motion which gives 
rise to a force acting in the direction of the [)oles, wliicli counteracts the motion toward the equator. The 
motion of the atmosphere, therefoi^e, l)etween thee(|uator and the poles, is not produced by tlie whole 
force arising from the diffei-ence of density l>etween the equator and the jwles, but by a small part 
oidy of this fonte. Hence, if the earth had no rotatory motion, the force which produces this 
motion would be very much greater, and there would be a swee|)ing hurricane fi-om the pole to the 
equator. 

21. It is evident, where the motions of the atmosjjhere are resisted by the earth's surface, that 
all the conditions cannot l)e satisfied by a motion at the surfiice from the poles towards the equat4)r, 
and by a counter-motion in the up|H»r regions. For we have seen (section 13), that the atmosjihere at the 
surface of the eaith must hiive an eastern motion in the middle latitiules; but it cannot have such a 
motion, unless it also has a motion t-oward the poles, in order tlmt the detiecting forc^. (secti(m 5) arising 
from this motion may overcome the resistance to the eiistern nu^tion. But it is evident there cannot 
be a complete reversal (»f the motions in the middle latitudes, but some portion of it must flow 
toward the iM)les in the upper regions, else the eastern motion there could not be greater than at the 
surface, which the conditions require. The motions, therefore, must be somewhat as repi^esented in 
the figure. The part of the atmosphere next the earth's surface in the middle latitudes having a 
motion toward the poles, extends to a <!onsiderable height, sin<*e it genenilly embraces the region of 
tair-weathei clou<ls, as may be seen by observation. 

22. Since the force arising from the eastward motion of the atmosi)here alK>ve must resist in a 
great measure the tendency to flow from the equator to the [)oles, caused by the differences of level 
arising from a greater upward expansion ol the atmosphere near the equator on account of a greater 
temperatin'e, and since this difference of level, and consequently the tendency to flow toward the 
]K)les, must increase with the height, the eastward motion in the middle and higher latitudes must 
he much greater above than below, and in the trade-wind region, near the tropical calm-belts, where 
the motion is westward Inflow it must Ik^ toward ea«t above. This is also evident from the general con- 
sideration, that the whole amount of detiecting force eastward arising from the motion of the atmosphere 
towards the poles, is e(pial to the deflecting fon*e westward arising fnmi its motion back towards the 
e<|uator, and that the deflecting force eitstward is principally alH)ve where there is less resistance 
than near the surface. Henc^, at the top of Mauna Loa in the Sandwi<*h Islands, and on the |)eak of 
Tenerifle, both of which pla<'.es are near the ti-opical calm-belt at the surface, a strong southwest 
wind prevails. Hence, also, •' on the eruption of Saint Vincent, in I8I2, ivshes were deposited at Bar- 
badoes, sixty or seventy miles ea.stward, and also on the decks of ve^ssels one hundred miles still fur- 
ther e.ist, while the trade- wind at the surface wjus blowing in its usual direction." The eiustward 
motion of the atmosjdiere alnive, in the latitudes of the trade- win<ls, is also confirmed by the obser- 
vations made on the directions of the clouds at Colonia Tovar, Veneziu4a, latitude 10° 26^, iw given 
in the HeiMU-t of the Smithsonian Institution for 1857 (page 254). While the motion of the lower clouds 
was in general from some iM)int toward the east, the observed motion of nearly all the higher clouds 
wa»s fnun some jMunt toward the w(»st. 

2.*^ Fix)ni what nrecedes, the limit between the atmosphere which moves eastward in the middle 
latitudes and westward nearer the equator, which at the earth's surface is at the tropical calm-belt, 
must Im» a plane in<'lining toward the e<piator almve. And since, according to section 21, the atmosphere 
near the earth's surface <mnn<»t have an <'astward motion, unless it also has a moti<»n toward the poles, 
this plane near the eaith's siufa<*e must nearly coincide with the one which separates the atmosphere 
moving towards the poles, fn)m that moving towards the e<piator, in the trade- wind regions, and 
hence the latter must alst» incline alM)ve t(»wards the equator. This explains the winds at the i>eak of 
Tenerifle, which at the top always blow fi-om the southwest, while at the base they blow alternately 
from the northwest and northeast, changing with the seasons. As the tropical calm -belt together 
with this dividing plane (*hanges its |M»sition with the seascms, as will Ih» explained when this plane, 
in the latter |)art of summer, is farthest north, it still leaves the top of the peak north of it while the 
base is south of it; and hence the wind at the top always blows from the southwest, even when 
at the base it blows fnmi the northeast. As this plane moves south in the fall, more of the peak gra<l- 
ually Incomes north of it, and hence the southwest wiinl, which always prevails at the top, gradually 
descends lower on the sides of the peak until it rea4»hes the base. Hence, when this plane reaehea its 
most southern position, in tlie latter part of the wint4»r, the southwest wind prevails at both the base 
and the top. 
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24. The depression of the atiTiosi)here at the poles and at the equator, and the accumulation near 
the tropics, may be explained in a general manner by means of the principle in (section 5) that when a 
body moves in any direction in the northern hemisphere it is deflected to the right, and the contrary in 
the southern. The atmosphere towards the [)oles liaving an eastward motion, the deflecting force 
arising from it causes a pressure towards the equator, and the moticm near the equator being west- 
ward, the pressure is towards the ])oles; and hence there must be a depression at the poles and at the 
equator, and an accumulation near the tropics. Since this deflecting force is as cos ^, it is small near 
the equator, and consequently the depression there is small. 

25. Acxjording to the preceding tables of barometric pressure, there is more atmosphere in the 
northern than in the southern hemisphere. 8ays Sir James Ross, ''The cause of the atmosphere 
being so very much less in the southern than in the northern hemisphere remains to be determined." 
This is very satisfactorily account43d for by tlie preceding principle, for, as there is much more land 
with high mountain ranges in the m)rthein hemisphere than in the southern, the resistances are 
greater, and consequently the eastern motions, upon which the deflecting force depends, is much less; 
and the consecpience is, that the more rapid motions of the southern hemisphere cause a greater 
depression there, and a part of the atmosphere to be thrown into the northern hemisphere. 

This also accounts for the mean position of the e(|uatorial calm-belt being, in general, a little 
north of the equator; but in the Pacific ocean, where there is nearly as much water north of the e^pui- 
tor as south, its position nearly coincides with the e<piator. 

For the same rea.son the tropical calm-belt of the northern hemisphere is farther from the ecpiator 
than that of the southern hemisphere, and, on account of the irregular distribution of the land and 
water of the two hemispheres in ditferent longitudes, it does not coincide with any parallel of latitude. 
In the longitude of Asia, where there is land only in the northern hemisphere and the Indian ocean in 
the southern, this belt, which is also the dividing line which separates the winds which blow east 
from those which blow west, is farther from the equator than at any other place, as shown by Profes- 
sor Coffin's chart. 

26. In winter, the difference of temperature between the eqimtor and the poles, upon which the 
disturbance of the atmos[)liere depends, is miu^h greater than in the summer. This causes the east- 
ward motion of the atmosphere in either hemisphere during its winter to be greater, while in the 
other hemisphere it is less. Hence, a portion of the volume of the atmosphere iu winter is thrown 
into the other hemisphere; but, although the volnme or height of the atmosphere is then less, yet, 
being more dense, the barometric pressure remains nearly the same. The difference at Paris, and 
in the middle latitudes generally, between wii»ter and summer, is only about ^ of an inch. 

On account of this alternate change with the seasons of the velocity of the eastward motion of 
the atmosphere in the two hemispheres, the ecjuatorial ami tropical calm-belts change their positions a 
little, moving north during the spring and south in the fall. 

III. The Motion of the Atmonphere armruj from local disturhancen. 

27. Besides the general disturbance of equilibrium arising from a difference of specific gravity 
between the equator and the [)oles, which causes the general motions of the atmosphere, treated in 
the last section, there are also more local disturbances, arising from a greater rarefaction of the 
atmosphere over limited portions of the earth's surface, which give rise to the various irregularities in 
its motions, including cyclones or revolving storms, tornadoes, and water-spouts. When, on account 
of greater heat, or a greater anuuint of acpieous vapor, the atmosphere at any place becomes more 
rare than the surrounding portion, it ascends, and the surrounding heavier atmosphere flows in below, 
to supply its place, while a counter-current is consequently produced above. As the lower strata of 
atmosphere generally contain a certain cpiantity of aqueous vapor, which is condensed after arising 
to a certain height, and forms clouds and rain, the caloric given out in the condensation, in accord- 
ance with Espy's theory, produces a still greater rarefaction, and doubtless adds very much to the 
disturbance of equilibrium, and to the motive power of storms. So long, then, as the ascending 
atmosphere over the area of greater rarefaction is supplied with aqueous vapor by the current flow- 
ing in from all sides below, the disturbance of equilibrium must continue, and consequently the local 
disturbances of the atmosphere to which it gives rise, whether those of an ordinary rain storm, or a 
cyclone, may continue many days, while the general motions of the atmosphere may carry this dis- 
turbed area several thcmsands of miles. 
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28. When tli^ area of* ran^tfactioii is such as to cause the atmosphere to flow in below from all 
sides tiiward a centre and the reverse alK)ve, thus enabling a constantly interchanging motion between 
the internal and external part, the case beccmies very similar to that ot* the general hemispherical 
motions of* the atmosphere in which the motion is between the polar and equatorial parts. For if the 
earth's rotation on its axis is analyzed with reference to any other axis, the i)ole of which is at the 
di8tan<*e of from the pole of the earth, it is found to have a rotation around this latter axis equal to 
n cos (PeirceV '^Analytical Mechanics," § 25). Uenc4» the interchanging motion between the internal 
and external part in this cast* must cause the internal part to gyrate aroimd the centre from right to 
left in the northern hemisphere an<l the external |)art the contrary way, an<l thus give rise to a cychme 
or revolving storm, just as in the case of the liemis|)herical motions the part nearest the pole acquires 
an eastwanl motion, and that near the equator a westward motion. This is also evident from the prin- 
ciple demonstrate<l in secticmo, ac(*ording to which the atmos|)herei!i tlowing toward the centre beh)w, 
must be always deflected in the northern hemisphere to the right, and ccmsequently give it a gyrat^uy 
motion around the centre from right to left. In moving out above toward the external part, the deflec- 
tion tends to give the atmosphere a gyratory motion the contrary way, and hence, in flowing out above, 
the gyratory motion which it has while rising to the up|)er strata in the interior, is not only destroyed 
but, on aniving at the external i>art, it has a gyratory motion the c<mtrary way. In the southern 
hemispln^iv, since the (h^flections there are all t^) the left of the direction of motion, the gyrations are 
all reverse<l, wlii<'h is the <»bseived law of storms in all parts of the world, as shown by Kedfleld, and 
also by Keid in his **Law of Storms." It is also evident that at the equatcu', where cos ^, upon which 
the deflecting force depends, vanishes, there cannot be a cyclone, and hence, of all those which Redfleld 
has investigated and given in his (charts of their routes, none have l)een traced within 10° of the 
equator. The typhoons or cyclones, also, of the China sea, have never been observed within 9° of the 
equator. 

20. In the case of the general hemis|)lierical motions the internal or i>olar part is most dense, but 
in the casc^ of cyclones, the external part. Hence the motions between the centre and external part 
are different ; in the former case the motion toward the centre being above, but in the latter below. 
In the casi» of no resistances from the earth's surface, this does not affect the gyrations, since, on 
account of the actions of the different strata upon one another, they all eventually have the same gyra- 
tory motion. But where there are resistances, they cause gyrations in the external part to he the most 
rapid alM>ve, just as in the system of hemispherical motions, they are most ra[)id above in the internal 
or iM>lar part. 

.'iO. If the gyrations were not resisted by the earth's surface, it is evident that the rapid gyrations 

of the cyclone would cause the atnuKsphere to recede entirely from the 
centre, but on acc4>unt of the resistance the very rapid gyrations are in 
general in a great measure |>rev(Mit<»d, so that instead of a c^>m[)lete 
vacuum, the strata of tin* atmosphere are only somewhat dei)ressed in 
Fi(jurf'L the interior, as represente<l in tigure 2. For since the force which pro- 

duces the gyrations depends u|nui the velocity of the flow to and from the centre, it is evident that, 
at the centre and at the external part of tin* disturl>e<l porti<ni of atmos|)here, where this vebx'ity 
must vanish, the resistance's destroy all gyratory motion. Hence, instead of very rapid gyratiems 
near the centre, as in tin* case of no resistances, there must be a calm there, and the most rapid gyra- 
tions be at some distance from the crntn*. in ac<*ordance with observation. The diameter of the com- 
|)aratively ealm portion, in the centre of the large cyclones, is som(*times about thirty miles. The 
veliM'ity of gyration of the external |»art, which in the case* of no resistances, is small, is in a great 
meivsine destroyed by the resistam-es of the surrounding atnn»spliei'(*, so that it is, for the most part, 
insensible to observation, and only the more rapid gyrations of the internal part are observcMl. This 
motion of gyration combined with the motion at the earth's surface towards the centre, gives rise to a 
spiral motion in the interior, exa<'tly in accordance with tin* observed motions of the atmosphere 
in great storms or hurricanes, as has lH*t*n shown by Ur<ltiel<l, in a number of papers <m the subject, 
published in this journal. [American Journal of Science.] 

\\\, Since the atmosphere is <le|u*esse<l in the middle of <*ycl(»nes, they nnist sensibly aft'ect the 
barometer; an<l this is the true <*ause of all great barometrical oscillations, jis was first suggested by 
Redfleld*. As the (ryclone approach(»s, there is geiuM-ally a very slight rise of the barometrical colamn, 

■ Thl« J<iurn«l, [ Aiiiorirmi .loiiriiHl <»f Sci«'iir«*, ] fl| w. 4.'». 
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which ift at its niaxiinuin at the greatest accumulation near the external part of tlie cyclone, after 
which it is gradually depressed until the middle of the cyclone arrives, where the atmosphere is most 
depressed, when the bai-omet^ir is at its minimum, and then it returns in a reverse manner to its former 
height, when the c.vclone has passed. In great storms, the mercury sometimes falls more than two inches. 
In oblong storms, and all imperfectly developed cyc^lones, the same phenomena must take place in some 
measure, as in a cx)mplete cyclone. We have reason to conchule, therefore, that nearly all the oscilla- 
tions of the barometer are caused by a cycUmic motion of the atmosphere, by which it is depressed in 
the middle of the cyclones. The cyclones may be very irregidar and imperfectly develo|)ed, and not 
of sufficient violence to |»roduce a strong wind, and several may frequently interfere with one another, 
so that the oscillations may frecjuently be very slight ones cndy and very irregular. 

Since the gyratory motion of a cyclone, and the <*onse(|uent depression at the centre, depend uj)on 
a term containing as a factor, cos o^ (section 2S), which is the siiu* of the latitude, the oscillati^ms, 
ac<5ording to the preceding theory of barometri('al oscillation, should be small near the equator, ami 
increase towards the poles, somewhat as the sine of the latitude. Accordingly, at the equator, the 
mean monthly range of oscillation is only two millimeters, or less than y^, of an inch, while there is a 
gradual increase with the latitude; so that at Paris it is li.'^.dO""", and at Iceland, 35.91""". (Kaemtz's 
Meteorology, by C. Walker, |»age 297.) 

[^2, The greater rarefaction of the atmosj)licre at some times than at others, without doubt, has 
considerable eft'ect upon the barometer; but the theory which attributes the whole of the barometrical 
oscillations to the rarefaction of the atmosphere prodiu*ed by the condensation of va|)or in the forma- 
tion of clouds and rain, cannot be maintained; for according to that theory, in the rainy belt near 
the ecjuator, where there are always copious rains during the <lay, which are su(;<*eeded by clear 
atmosphere during the night, the oscillations of the barometer should be the greatest, and towards 
the poles, where there is little condensation of va[)or into rain, they should be the least, but we have 
seen that just the reverse of this is true. The atmosphere is extremely mobile, so that if there were 
much difference of pressure between one part and the surrounding parts, the equilibrium would be at 
once restored if the motions toward, the centre pro<luced by this difference of pressure, did not give 
rise to a cyclonic motion, and thus to a centrifugal forc^^ combined with the deflecting force arising 
from the earth's i-otation, which in a gr<*at measure counteracts the force arising from a dift'erence of 
pressure between the external ami internal parts. If, therefore, the earth had no rotation, the oscil- 
lations of the barometer woidd be no greater in any part of the earth than they are at the equator. 

33. When the disturbance of equilibrium is great, but extends over a small area only^ the cen- 
tripetal force is much greater than in the case of large cyclones, and the gyrations are then very 
rapid and very near the centre, as in the case of torna<loes. Tornadoes generally occur when the sur- 
face of the earth is very warm and the atmosphere calm. For then the strata near the surface 
becomes v(»ry much rarefied, and are conse(|iuMitly in a kind of unstable e<piilibrium for a while, 
when from scmie slight <*ause, the rarefied atmosphere lushes up at some point through the strata 
above, and consequently fiows in rapidly frcmi all sides below, and then, imh»ss the sum of all the 
inital moments o\' gyration around the centre is exactly e(|ual 0, which can rarely ever be the case, 
it must run into ra|)id gyrations near the <'entre, au<l a tornado is the conse<pience. This may be 
exemplified by the fiowing of water through a hole in the bottom of a vessel. If the fluid at the 
beginning is entirely at rest it runs out withcmt any gyrations; but if there is the least |K^rccptible 
initial gyrat(»ry motion, it runs into very rapid gyrations near the centre. 

34. In the case of tornadoes, which arc always of small extent, the influence of the earth's 
rotaticm in producing gyrations is generally very small in comparison with that of the initial state 
of the atmosphere, so that the gyration depends |)rinci|>ally upon the initial gyratory state of the 
atmosphere with regard to the centre of the tornado, an<l may be either from right to left or the con- 
trary. Heui'c there niay be tornadoes at the cijuator, although there cannot be large cyclones. In 
large cyclones the eft'ect of the initial state, except at the equator, is insignifi<»ant in comparison with 
the influence of the earth's rotation; and the latter, moreover, is a constant influence, while the for- 
mer is soon destroyed by resistances. Hence hirge cyclones are of long duration, while sitiall torna- 
does, depending principal ly upon the initial gyratory state for their violence, are soon overcome by 
the resistances. 

35. On account of the centrifugal force arising from the ra[)id gyrations near the centre of a tor- 
nado it must frequently be nearly a vacuum. Hence, when a tornado parses over a building, the 
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exterior pifSHim'. is in ti grviit meiisiii-c, siHldenly i-emoved, wlien tiie attnoHplierp within, not bt-ing sible 
Ut eHCiiite at cmcc, t-xert-s a jncssinf ii|i(>n Hie iiiteriDi- of iHTliajts nearly fifteen imunds to tlie sqnare 
inch, wliicli cansew the |>artK tn Ih^ thrown in every din^'tion tn a great distance. For the same rea- 
Hini, also, t)ie <-orlvs tiy Croiii ein])ty liottlcs, and everytliin^ witli air (H>nfliit>d within, exitlodes. 

."Mi. Wlien a tornado !iiip|icns at sea, it generally piwinces a water-s|i(Hit. This in generally flr«t 
f'm-nted altovi-, in the litiin oC a eloud. shupeil like a funnel or inverted anie. As there is less resist- 
aiiee to Ilio motions in the iipiier strata than near the earth's siirt'aee, the rapid gyratorj- motion »>m- 
inent'e.s there ttrst, when the njijier strata of the agitated jxirtiou of the atmosphere bare a tendency to 
ussnine sonn-whiit the form of the strata in the caxe of no i-esJHtance. This draws down the strata of 
ef)l(l air above, whteb, coming in contaet with the warm and moiNt atmosj>liereaseetiding in the mid- 
dle of the tornado, condenses the vajMn- and forms the fnnnel-slniped elond. As the gyratory motion 
be<M>mes more violent, it gradually ovurcj>nies the resititanees near the surface of the sea, and the ver- 
tex of the fiinneI-Rlia|H'd cloud gradually descends lower, ami the imiwrfect vacunni of the centre of 
the tornado reaches the sea, up which the water hits a ten<lei)cy to astwnd to a certain height, and 
thence the rapidly -ascending spiral motion of the atmoRphere carries the upray upward, until it joins 
the cloud above, when the waler-spont is Miniplete. The njiper part of a water-s|H)ut in frecpiently 
torined in t^a-ioulocs <m laud. 

When tornadoes happen on sandy |ilains, inKtea<] of water-stHuits, they pioduce the moving pillarfl 
of sand which are often seen on sandy deserts. 

.'17. The routes of cyclones in all i)arts of the world, which have been traced thron^hoiit their 
whoh> extent, have been tonnd by Hedtield* to l>e somewhat of the form of a parabola, as repreoeiited 
in Itgm-e .(. Commencing generally near the equator, the cyclone at first moves in a direction only a 
little north or south of west, acconling to the hemisphere, when its route i« gradually recurvated 
t^>wards the east, having its vertex in the latitude of the tropical calm-belt. The motion of a cyclone 
towanl the poles may 1h> acctunitiHl for by the principle in section 5. The motion of the eipiatorial side 
of a cyeliuie in either hemisphere is always towanl the east, and hence the deflecting (owe causes a preit- 
sure toward the ec|uatiu-, but that of the tK)lar side being alway.'' towanl the west, the detlevting force 
>v these defecting forces belugas the ttineof the latitude, as may 
I the iH>lar xide toward the i>nle is greater than on the other 
side towattl the eiinator, and hence the cyclone moves 
in the directi<m of the greatest pressnre. It is not to 
be supposed, however, that thei-e is an actual transfer 
of all the atmosphere of a cyclone from the etpiator to 
the polar regitms. Fin* the motions and iiressinv of tbe 
cyclone lieing gn'ater on the [Hilar side, where the 
(Ictlci'tiug forcet) which cause it are greatest, its action 
upon the atmos]ihere in advance of it is greater than on 
the eiiuatorial side, where these forces aiv much less, 
and hence new portions of the atmosphere are being 
continually brought into action on one side, while the 
lesistance of the earth's surface, and tbe af1Jat«nt por- 
tions of atmospheiv <m the other side, are continnally 
overcoming the com[>arative)y weak forces there, and 
destroying tbe gyratory motion of the cyclone; so that 
the centre of the cyclone is being continnally formed in 
advanced jiortions of the atmosphere. 8ince many 
cyclones are more than one thousand miles in diameter, 
■ il.-* anion on the two sides is very considerable. Hencxi the interior 
} of a cyclone uhvays gyrating from right t<i left in the northern hemisphere, 
southern, must always gradually move towards the pole of the hemisphere In 
between the cipnitor and the trojiical calm-belt, it is earned westward bj' the 
general westward motion of the atmosphere there, but after pa.-^sing the tropical calm-belt, the general 
inoti<ui ol the atmosphere cMiries it eastwanl, an<l hence the parab»)lic form of its route is the result- 
ant of the general motions of the alinosphere, and of its gnulual motion tciward the |iule. 
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IV. The Mothnft of the Ocean. 

38. Besides tlie actions of the sun and moon wliich ^ive rise to the tides, tliere are only two 
causes which can [)roduce any sensible motions of the waters of the oc^^an. One of these is the action 
of the atmosphere upon the surface of the ocean, and the other, the difterence of density lM»tween the 
water near the equator and that towards the poles, aiisin^i: from a difference of temperature. The 
general motions of the atmosphere at the surface of the oceiui have a tendency to cause a westward 
motion of the water in the torrid zone, and an eastward motion in the middle an<l higher latitudes, 
and from what we know of the effects of strong winds upon the ocean, we have rea^son to think that 
these general motions of the atmosphere are adequate to produce sensible motions, since, after the 
inertia of the water is overcouic, which, however small the force, is only a (piestion of time, the only 
force necessary is that which is adequate to overcome the resistance of fricticm, which is very small 
where the velocity is small. The difference of density between the e(|uator and the poles causes a 
slight interchanging motion of the water between them, and consc(|uently, where not interrupted by 
continents, it produces a system of motions in the ocean similar to those of the atmosphere. Hence 
these two causes of oceani<* <listurbance, whatever their relative weight, both act in the sauie <lirec- 
tions and conjointly cause the observed westward motion of the ocean near the ecpiator, and eastward 
motion toward the poles. 

39. The westward motion of the water ol the o<M»an in the t(MTid zone was tirst observed by 
Columbus, aiul is now well established, and observations also show that there is a motion towards 
the east in higher latitudes. A bottle thrown into the ocean near Oa])e Horn was picked up three 
and a half years afterward at Port Phillip, Australia, a distance of 1>,0(H) miles, which makes the east- 
ward velocity in that latitude more than seven miles per <lay. And Sir James Ross, when sailing 
near Prince Edward's Islan<l, fouml himself every day from twelve tn sixteen miles, by observation, 
in advance of his reckoning. (" Voyage to the Antarctic Seas," vol. ii, p. IK).) But a westward motion 
being established in the torrid zone, an eastward motion in the higher latitudes must be admittiMl; 
for, as was shown in the ctise of the atmosphere (section 13), the one cannot exist without the other. 

40. It has generally be<»n sup[>osed that the e(piatorial westward current of the ocean is caused 
principally by the action of the westward winds there; but Profc^sscu* Guyot thinks that '' it is too deep 
and rapid to admit of being explain<Ml by their action alone," aiul that*' the difference* of temperature 
between the regions near the equator and those near the |)oles controls all other causes by its power 
and the constancy of its action." ('' Earth and Man," pp., 189, 190.) Tin* torsive or deflecting force 
which causes the westward motion of the atmosphere and the ocean in the e<iuatorial regions, an<l the 
ea,stward mention in the higher latitudes, has been shown to 1m» as the velocity of the interchanging 
motion between the equatorial and the polar regicms; and hence if this motion in both were similar, 
the relative amount of this force in each must be as the whole mass multi|)lied into the velocity of this 
motion between the e<piator and the poles. If we suppose the ocean to be thi*ee miles in dc^pth, its nnuss 
is about 500 times that of the atmos|)here, and hence if the motion betw(H»n the ecpiator and the poles 
were only ^}^^^ of that of the atnu)sphere, the part of the force which gives it a westward motion near 
the equator, and an <Mistwanl motion towards the poles, arising from this cause, must be greater than 
that of the acticui of the atmosphcTC upcm it, since the whole amount of this force in the atmosphei'e 
is not spent upon the ocean, but oidy that |>art which (overcomes the resistances to its motions. Al- 
though the effect of .tem|»erature in producing a diffeienct* of <lcnsity, and consequently (»f disturbing 
the equilibrium, is very much less in the ocean than in the atmosphere, yet sin<*e the amount of motion 
which a given disturbing force will produce wiiere time is not considen^d, (U^pends as has been stated, 
upon the amount of the resistances, and not upon the amount of the inertia to b»^ overcome; and since 
the resistances diminish as the s(|uare of the vehwity, a very small amount of disturbing force arising 
from a diffen^ncc^ of density must be adcfpiate to cause an interchanging motion in the ocean between 
the equatorial and the polar regions eejual to ^J,^ of that of the atmcKsphere ; an<l henc(» we have reason 
to think that a greater part of the motions of the <K*ean is due to this <'ause than to the action of the 
atmosphere up<Mi it. 

41. The motions of the ocean being similar to those <)f the atmosphere, they must cause a slight 
elevation of the surface about the parallels of 30°, and a depression at the ecpiator and the poles, just 
as in the case of the atnuxsphere, except that it will be less in the ratio of the relative velocities of 
the motions of the ocean and of the atmosphere. If we suppose the east and west motions of the 
ocean to be g\,- of those of the atmosphere at the earth's surface, which would require the maximum 
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eastward velocity in the southern liemisphere U} be about ten miles per day, it wouhl cause the sur- 
faee ot* the oeean in tlie ^southern heinisi)here to be about fifteen feet higher at the parallel of 30® 
than at the pole, and also a little higher than at the ecpiator. Now if the motions which cause this 
accumulation of. water were th(» same at the bottom of the ocean as at the surface, there would be no 
tendency of the water to tiow out at the bott<mi i'roiu beneath this axtcimiulation ; but since the 
motions there nmst be much less, it must tiow out both toward the equator an<l the i)ole, especially 
t4)ward the latter, as the depression there is much the greater. Since the density of sea-water does 
not increase below the temperature of 28°, the density of the ocean does not increase In^yond a cer- 
tain latitude, and hcn<'e there is no tiow of the water at tin* bottom from the poles toward the e<|uator, 
arising from the maximum density at the pole, as seems to be the case in a very slight degree in the 
atmosphere, but tlu^ undercurrent at the bottom, arising from the greater pressure about the parallel 
of .'U)°, must extend entirely to the |)ol(»s; so that ^here nuist be a slight teiulency of the water to rise 
at the poles, an<l tlcnv at the surface sonu; distance toward the mid<lle latitudes. As the water toward 
the bottom of the oc(»an is always about the same as the mean temperature of the earth, when it first 
rises to the surface at the ]M>le, it must bi* much warmer than it is after it has flowed some distance 
from it, and hence we have reason to think that there may be open pohir seas, surnmnded by barriers 
of ice at some distance from the pole, where tlH»re is the maximum tem|»eratun» <»f the surface water. 
A surface current from the poles is in<licatc<l by the uiotions of icebergs in both hemispheres from 
the polar regions toward a lower latitude. 

42. Where the east and west moti(ms of the o<*ean are entirely intercepted by cx)ntinents, as in 
the northern hemisi)here, tin* water receives a slight gyratory nuition from the left to right. The 
westward motion of the watei*s of the Atlantic in the torrid zone, impinging against the continent of 
America, causes the surface of the water of the (Caribbean sea and the Gulf of Mexicx) to be a little 
above the general level, while the eastward motion of the northern part of the Atlantic causes the 
surface of the water adjacent to the easterii coiist of North America, in that latitude, to be a little 
lower. Hence, there is a flow of warm water from the Gulf of Mexico along the coast of the United 
States towanls the lower level about Newfoiuulland, which, on account of the peculiar configura- 
tion of the coast about the Gulf of Mexico) an<l the peninsula of Florida, gives rise to the Gulf- 
stivam. The eastward motion, also, of the northern part of the Atlantic causes the surface of the 
water on the western coast of Europe to be a little hUjher than the general level, while the westward 
motion in the torrid zone causes it to be depressed on the western coast of Africa a little below this 
level, an<l hence the water of the ea.stern side of the Atlantic, flowing from a higher to a lower level, 
has a nH>tion toward the e(piator. The whole of the north Atlantic has, therefore, a very slight 
gyratory motion from left to right, and is supposed to make a complete gyration in about three years. 

43. A portion of the equatorial current flowing from the higher level of the Oaribliean sea toward 
('aiM? Horn, causes the Brazil current, which is defle<*ted eastward by the general eastward motion of 
the s<mthern cweaiL The east side of the scmth Atlantic*, as well as that of the north Atlantic, seems 
to have a motion toward the e^piator. Says Sir James Koss, '^ There is a current from the Cape 
of (r(K)d Hope ahmg the west ccmst of Africa sixty miles wide, two hundred fathoms deep, with a 
velocity of one mile \h}v Inuir, of the nu^an temperature of the (wean." — ('' Voyage to the Southern Seas," 
vol. ii., [). 35 ). This cannot be a portion of the Mozambi(pie current from the warm waters of the 
Indian (H*ean, passing anmnd the Oape of Good Hope, and giving rise to the equatorial current of 
the Atlanti<*, lus has been supposed, but must come fnmi the colder waters of the southern ocean. 
Hence the south Atlantic also ha«s a tendency to assume a gyratory motion, and the equatorial current 
of the Atlantic is merely the ecpiatorial portion of these two gyrations, with perhaps a small part of 
the Mozambique current passing around the Cape. 

44. The general eastward motion of the water of the northern part of the Atlantic, and the 
consecpient depression of the water next the coast of North America, is the cause of the cold current 
of wat(»r flowing from Baflin's bay and the east coast of Greenland, between the Gulf-stream and the 
coast of the Tnited States, (*.alled the Greenhnul current. Since the warm water of the Gulf-stream, 
in flowing ncirthward, is deflected toward the east (section 5), and that of the Greenland current, in 
flowing south, tenuis toward the west, there is no intermingling of the waters of the two currents, 
but they are k(»pt entirely separate* as if <livided by a wall, as has been established by the Coast Survey. 

45. There must 1m» a motion of the water somewhat similar to the Gulf-stream and the Greenland 
cuiTcnt, wherever the givat equatcuial current imping(\s against a continent, and the eastward motion 
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toward the poles is interrupted. Hence, on the easteni (H)ast of South America there is the warm 
Brazil current which has been mentioned, and on the eastern coast of Asia there is the warm China 
current flowing toward the north, similar to the Gulf-stream, and the cold Asiatic current insinuating 
itself between it and the coast, like the Greenland current. On the east coast of Africa, also, there is 
the Mozambique current flowing south like the Brazil i'JUTent, and it is also now; well established that, 
east of the Cape of Good Hope, the general tendency of the water is toward the south. This water 
must mingle with the general eastward current of the south sea, and hence there is a slight tendency 
to a gyratory- motion in the Indian ocean also. 

46. On the western sides of the continents there is a motion somewhat the reverse of this, and 
instead of a warm current flowing north, there is a cold one flowing toward the equator, iis ha« been 
shown to be the case in the Atlantic. Hence, on the west coast of North America there fs a flow of 
colder water along the coast from the north, and on the west coast of South America is Humboldt's 
current, much colder than the rest of the ocean in the same latitu<le, both tending toward the equator 
to join the great westward current there across the Pacific, and to fill up, as it wei*e, the vacuum which 
this current has a tendency to leave about the ecpmtor, on the west coast of America. 

47. With regard to the gyratory motion of the oceans, it may be further added here that such 
gyrations are clearly demonstrated by the positions of the isothermal lines, as has been shown by 
Professor Dana, in a paper read at the twelfth jneetiiig of the American Association for the Advance- 
mentof Science (Proceedings, vol. xii, p. 77). According to this paper the isothermal line of 68° Fahr., 
in winter, extends, in the north Atlantic, from 56° N. on the American side to 12° N. on the African; 
and in the south Atlantic, from latitude 31° S. on the South American coast to 7° S. on the African 
side. Similar evidences are given of gyratory motions, in a less degree, in both the north and south 
Pacific, and also in the Indian ocean. 

48. When a portion of fluid on the earth's surface gyrates from left to right, the deflecting force 
arising from the earth's rotation being in this case toward the interior, the surface assumes a slightly 
convex form. The water of the north Atlantic having a very small gyratory veloi-.ity in comparison 
with that of the earth's rotation, the interior is a little elevated above the general level, and conse- 
quently the pressure upon the bottom increased. Now the gyrations which cause this elevation in the 
middle being principally toward the top, the increased pressure upon the bottom causes the fluid there 
to flow out on all sides with a very small veh)city, towards the circumference, and hence the water at 
the surface has a slight tendency to flow in fn)m all sides towards the interior to supply its place. 
This completely accounts for that vast accumulation of dnft and sea-weed, covering a large portion of 
the interior of the north Atlantic, called the Sargasso sea. From what has been stated, the north Pacific 
must also have a slight gyratory motion from left to right, and hence it likewise has its Sargasso sea. 

V. The Motiom of Solid Bodien at the Earthh Surface. 

49. It has been shoMii that if a body were set in motion upon the earth's surface it would move 
with uniform velocity, but would be continually- deflected to one side. When the range of motion is 
small, cos (equations (5) ) may be regarded as constant, and hence the deflecting force in this case is 
constant, and must cause the body set in moticm to descril)e the circumference of a circle. If we put 
f* for the radius of curvature, and m for the angular velocity about the centre of curvature, the centri- 
fugal force of the body is p ni* which must be put equal to the deflecting force, (equation 5.) 

Hence we have 

Also, since v is the lineal velocity of the moving body, 

From these two equations we get 

r 

I n cos " 
m =1 2 /* cos ^. 

60. When the range of motion is so small that cos may be regarded as constant, p and m are 
constant, and hence the body then moves with a uniform angular velocity in the circumference of a 
circle. If we jmt T for the time of a revolution, we shall have 

r= ?-'' = "" = i (lav X HOC ^.* 
m n cos ff 

Hence since v disappears in the residt, Tis independent of the initial velocity. 



^Thlii result wan erronoimly ftlvpn in the " Mathetnatiral Monthly," 1 day X mk*. ^. 
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51. If a body i8 forced to move in a straight line, /^(equation (6) ) in the lateral prensoie of that 
body. If we put F:=60, which is a velocity of about 40 miles per hour, the equation gives F ^ ^^f^ g^ 
at the )>arallel of 45^. Hence if a railroad train moves in a straight line 40 miles per hour at the par- 
allel of 45^, the lateral pressure is ^^^ of its weight, and this is precisely the same in all dii*ections, 
and not in the direction of the meridian only as has been generally supposed. 

52. The deflecting force (section 5) also causes the gyration of a vibrating pendulum. If the 
)>endulum were suspended at the pole it would evidently vibrate in the same plane in space, and conse- 
quently, perform a gyration in one day. Since tlie velocity of the eartli's revolution around any 

other point of the earth's surface is n cos (section 28), the time of gyration there is — ^ = 1 day X 

cos 

sec. 0, 

53. This same deflecting force may be used to explain some of tlie motions of a rotating body. 
Suppose such a body be placed with its axis of rotation in any direction parallel with the horizon. 
Then the motions of the upper and lower parts being in contrary directions relative to the earth and 
the deflecting force in both being either to the right or the left, according to the hemisphere in which it 
is, gives the axis of rotation a tendency to assume a perpendicular position. But there are other 
forces beside.s these horizontally deflecting forces, so that all the forces which tend to change the 
position of the axis would not be in equilibrium with the axis in that position. For the equatorial 
side then would have a motion cx)inciding in directi<m with the motion of the earth's rotation, while 
the other side would have a motion the contrary way, and, consequently, the centrifugal force arising 
from the motion of the earth's rotation, combined with that of the rotating body would be greater on 
the equatorial than on the polar side, and give the axis of tlie rotating lM)dy a tendency to move in 
the plane of meridian. It might be easily shown, when the axis hiis a )>osition parallel with the axi8 
of the earti), that the forces which tend to change its direction are then in equilibrium, and conge- 
quently the axis, if free to turn in any direction, does not change its position. 

54. These deductions from theory are in exact accordance with some very delicate experiments 
made by Fomuilt with a |)eculiar form of gyroscope, an account of which is given in this journal^ 
second series, vol. xv, page 263. See also vol. xix, page 141. 
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THE CAUSE OF LOW BAROMETER IN THE POLAR REGIONS AND IN THE CENTRAL PART 

OF CYCLONES. 

BY PROFESSOR WILLIAM KERRKL. 
[ExtrHCted from " Nature," Vol. Iv.. pajre 226.] 

In none of the treatises on meteorology or physical geography is there to be found any satisfactory 
explanation of the observed low barometer in the polar regions, or in the center of a cyclone. Obser- 
vations show that in the antarctic region there is a permanent depression of more than one inch below 
the average height nearer the equator, and in the arctic region a depression of about half that 
amount ; and also that for several days frequently the barometric pressure of the central part of a 
cyclone is one or two inches less than that of the exterior part. Mr. Buchan, in his excellent treatise 
on meteorology, attributes the low barometer in the polar regions to the eflFect of the vapor in the 
atmosphere. If the amount of vapor in the j>olar regions was greater than in the equatorial, this 
eflFect, so far as it would go, would be in the right direction ; but just the reverse is the case ; for it is 
well known that the amount of vapor in the warm equatorial regions is much in excess of that in the 
cold polar regions. Attempts have also been made, without success, to account for the depression in 
cyclones, by the effect of centrifugal force. 

By whatever cause so great a difference in the barometric pressure in the different regions might 
be produced, it may be shown from the principles of dynamics that the equilibrium would be restored 
in a very short time, if there was not some constant force tending to drive the atmosphere from the 
polar regions to the equator, or from the center of the cyclone to the exterior, and to keep it in that 
position. Such a force may be found in the influence of the earth's rotation. In a paper by the 
writer, in the '' Mathematical Monthly," in 1860, published in Cambridge, Mass., a full abstract of which 
was published in the January number of" Silliman's Jounial" for 1861, the following very important 
principle was demonstrated: In whatever direction a body moves on the surface of thQ earth, there 
is a force arising from the influence of the earth's rotation, which tends to deflect the body to the 
right in the northern hemisphere, and to the left in the southern hemisphere. This force, which is 
the key to the explanation of many phenomena in connection with the winds and currents of the ocean, 
does not seem to be understood by meteorologists and writers on physical geography. We see it fre- 
quently stated that the drift of rivers and currents of the ocean running north or south always tends 
to the riglit in our hemisphere, and that a railroad car running north or south presses to the right; 
and this the case. But the same is true, and to exactly the same amount, of a current or of a railroad 
car running east or west, or in any other direction. 

The amount of the deflecting force, when the velocity of the body is small in comparison with 

that of the earth's rotation, is expressed by 2.^i^. - cos g; in which v is the lineal velocity of the 

body relatively to the earth's surface, n that of the earth's rotation at the equator, the angle of the 
polar distance, and g the force of gravity. If the velocity is expressed in miles per hoiu*, the expres- 
sion in round numbers becomes y^'^i^'^ *^^^ **^' ^^^ ^^^^ vciW^ of velocity per hour, the force is 

xi^awQ ^^ ^ra^'ity, multiplied into the cosine of the i>olar distance. Hence a railroad car on the » 
parallel of 45° north, running in any direction at the rate of forty miles per hour, presses to the right ' 
with a fore^ equal to about s^qq P^i-rt of its weight. 

The effect of this deflecting force upon what Mr. Stevenson calls the barometric gradient is easily 
estimated. Since the strata of equal pressure of the atmosphere, so far as this force is concerned^ 

(35) 
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must be perpendicular to the resultant of tliia force and ffravit^', the sine of inclination of any such 
stratum to the earth's surface must be - - -— , and tlie chantje in barometric pressure for any given 

distance is equal to the weight of a column of atmosphere of a lieight equal to the change of level 
of the stratum of equal pressure, and of a density equal to that at the earth's surface. The baromet- 
ric gi'iulient, then, as expressed by Mr. Stevenson, for any distance d expressed in miles is 

?L^^** X 30 inches: putting five miles for the height of a homogeneous atmosphere, and thirty 

51 X50,000 

inches for the pressure at the earth's surface. Round numbers are used throughout, since it is only 

the order of the effects we wish to determine, and not their exact amounts. 

Acconling to all observations, there is a steady an<l ver^* strong wind blowing all around the 
earth in the middle and higher latitudes of the southern hemisphere, with a velocity of at lea*st twenty- 
five or thirty mi es per hour at the surface of the ocean, and this is perhaps much greater in the upper 
strata of atmosphere. If at the parallel of 50° we suppose the velocity of the wind t? to be thirty 
miles per hour, the pre<»eding expression of the barometer gradient for a distance d^ of 5*^ or three 
hundred and fifty miles, using the cosine of 40°, is 0.33 inches of mercury. By reference t*) section 113 
of Mr. Buc^han's Meteorology, it will be seen that the barometric gradient for that parallel is only 0.28 
for 5° of latitude, and that this is about the maximum gradient in the southern hemisphere. Hence 
a velocity less than thirty miles per hour at the surfac43 of the sea, especially if we supi)ose that it 
increa.ses in the higher regions, is suthcient to account for this maximum barometric gradient; and 
a(^cordi ng to observations, twenty or thirty miles per hour for the wind in that region is no unreason- 
able <assumpti<m. The eastward velocity of the wind in the different latitudes being known, and (M)n- 
sequently, the corresi>onding barometric gradients, thedifllerence of b.irometric pressure between any 
parallel near the i)ole and one toward the equator, is readily obtained by integration. As the wind 
near theeqnat^)r is toward the west, the deflecting force there is totcnrd instead of from the pole, and 
hence the greatest barometric pressure is about the parallel of 30°, and there is a slight depression at 
the equator. The deflecting fonre and the consequent depression are small there, on acx».onnt oithe 
small value of cos o near the equator. 

Since there is more lan<l and mountain ranges in the northern than in the southern hemisphere 
to obstruct the eastward motion of the atmosphere, its velocity is not so great, and consequently the 
polar ilepression is much less there than in the southern hemisphere. According to Mr. Buchan, the 
barometric depression in the arctic regions is much greater in the northern part of both the Atlantic 
and Pacifi<* oceans, than it is in the same latitudes on the continents. The explanation of this is, that 
the eastward velocity of the atmo.sphere over the oceans being much greater than it is on the conti- 
nents, where it is obstructed more by friction and mountain ranges, the force driving the atmosphere 
from the poles toward the ecpiator is less, and consiMpiently the barometric pressure is less in the 
northern part of Imth m^^ans than it is on the continents in the same latitudes. 

Uixm the relative strength of the fortH»,s tending to drive the atmosi)here from the poles t4)wards 
the equator, depend the {tositions of the equatorial and the tropical calm-lx»lt. This fon^ being 
strong(»st in th*» southern hemisphere on account of less resistance from friction and mountain ranges, 
the mean position of the e<piatorial calm-ln^lt is a little noith of the equator, and the po.sitions of the 
others a little farther north than they would otherwise Ih». The prime motive pnwer, also, in both 
hemispheivs being the difference of density of the atmosphere l)etweeii the polar and the equatorial 
regions, arising from a difference of temperature and of the amount of a<pieous vapor, during our 
summer; when this difference is less than the average in the northern hemisphere and greater in the 
southern, these calm-belts are forc>e<l a little north of their mean positions; of course, just the 
reverse of this hap]>ens during our winter; hence we have an explanation of the annual variations 
of the i>ositions of these l)elts. 

In the case of cyclones, the atmosphere at the earth's surfjure being forced in frf)m all sides 
toward the centre, by the force arising from a <lif1'erenee of density of the atmospheric in the central 
and exterior |)arts, it cannot, on account of the deflecting 1omh» which has been explained, move toward 
the centre, without, at the same time, receiving a gyratory motion around that centre. Neither can it 
have a gyratory motion without also having a motion toward that centre, since in that case there 
would be no force to overcjome the frictions of gyration. Hence, neither the radial theory of Espy, 
nor the strictly gyrating theory of Reid and others can be true, though either of them may be approzi- 
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mately so in special cases. But tbe gyratory part of the motion is not caused by the motion of the 
atmosphere from the north and south only toward the centre of the cyclone, as stated by Mr. Buchan 
and others, but equally by the dift'erent ]>arts moving in from all sides, since in whatever direction 
they move toward the centre there is the same deflecting fon*.e, either to the right or the left accord- 
ing to the hemisphere. 

The motion of the atmosphere being in a spiral toward and around the centre of the cyclone, the 
deflecting fore^ depending upon the earth's rotation, at right angles to the direction of motion, being 
resolved in the directions of the radius of gyration and tangent, the latter overcomes the friction of 
gyration, and the former causes a pressure from the centre, decrea^sing the height of the strata of equal 
pressure in the cyclone, and consequently diminishing the barometric* pressure. The barometric gra- 
dient of a cyclone is estimated in precisely the same way a« in the case of the hemispheres, using for v 
the lineal velocity of gyration obtained by resolving the real motion into the directions of the tangent 
of gyration and of the radius. It has been seen that a velocity of thirty miles per hour gives a 
barometric gradient of i^ of an inch in tlu*ee hundred and fifty miles on the parallel of 50°. A gyratory 
velocity therefore of one hundred miles per hour would give a barometric gradient of one inch of 
mercury in about three hundred miles. The velocities of gyration being known at all distances 
from the centre of motion, and consequently the barometric gradients, the diflference of barometric 
pressure between the centre and the exterior, so far as it dei>ends upon the gyratory motion, may be 
obtained by integraticm. The effect of the ceritrifugid force of the gyraticms is generally only a very 
small quantity of a sec<md order, in com[)arison with the others, and the effect of it is entirely insen- 
sible, ex(5ept in the case of small tornadoes, when the gyrations are very rapid close around the centre. 

In all the preceding estimates of the barometric gradient, it sh<m1d be understocKl that the results 

belong merely to the force depending upon the earth's rotation, and to this must be added the part 

belonging to a difference of density of the atmosphere, which, in the case of cyclones, increases the 

gradient, but diminishes it in the case of the hemisphere. For the general motions of each hemisphere 

form a cyclone, with the pole jus a centre, but having the denser insteiul of the rarer portion of the 

atmpsphere at that centre. Hence the motions in any verticjal plane through the centre are reversed, 

and it becomes what has been called an anti-cyclone. 

WM. FERKEL. 
Cambridge, Mass. 



RELATION BETWEEN THE BAROMETRIC GRADIENT AND THE VELOCITY OF WIND. 

BY WM. FERREL. 

[From thf '* Aniericnn Joarnal of Science and Art/* Vol. viii., Nov. 1874. Read before the Philoaophical Society of Waahington in June, 

and alrto the American AMociatlon for the Advancement of Science, in Aug:ust, 1874.] 

1. Let 0= the barometric gradieut in the direction iu which it is the steepest, estimated by the 

amount of change in the mercurial column in the distance of 100 miles; 
v=. the velocity of the wind per hour; 

r= the radius of curvature of the isobar or line of equal barometric pressure; 
(:=. the inclination of the direction of the wind to the isobar on the side of lowest pressure; 
n:=. the earth's hourly angular velocity of rotation in terms of the radius; 
/= the latitude of the place; 
P = the barometric pressure of the atmosjjhere ; 
P'^ the value of P at the earth's surface. 
The following equation then expresses very nearly the relation in all cases between the barometric 
gradient and the velocity of the wind: 

, , . ^1 ( 2 « sin / -f* m) V sec t J* (0.524 sin / + ii) p vsee i V 

^' I—- H-iOOOOO * P''"" 8360000 ^ P' 

in which 

(2) ,1 = ''^-^. 

r 

This relation expresses a general law which is of as much importance in meteorology, so far as 
the barometric pressures and the velocities of the winds are concerned, as Kepler's laws were in 
astronomy, and must hold for all latitudes from the equator to the poles both at sea and on land, and 
for all altitudes from the earth's surface even beyond the rogion of the cirrus clouds. It may be applied 
to the mean constant motions and pi-essures of the atmosphere depending upon the mean difference of 
temperature between the equator and the poles, unaffected by the seasons, which gives rise to two 
grand hemispherical cyclones, of which the poles are the centres, and of which the cyclonic motions 
consist of the approximately eastward motions in the middle latitudes and the trade-winds in the tor- 
rid zones, and also to the ordinary cyclones of comparatively limited extent, including the violent 
tornadoes and water-spouts, all of which are cyclones contained within the larger cyclones and con- 
trolled by their motions. It is likewise applicable to the resultant of any numl>er of cyclones contained 
within, or interfering with, one another. 

2. From (2) it is seen that u is the angular velocity of gyi-ation around the centre of curvature of 
the isobar, which in a perfect cyclone becomes the gyratory velocity around the centre of the cyclone. 
But in connection with this gyratory motion there is generally a motion either toward or from the 
<5entre of the cyclone, toward the centre below and from the centre above in an ordinary cyclone, 
giving rise to a spiral motion, and hence at a certain height the motion toward or from the centre must 
vanish and the gyrations be circular. The value of t, therefore, has different signs below and above. 

The value of t depends mostly upon friction, but in some measure also upon the inertia of the 
Htmosphere in eases where the motions are either increasing or decrciising, as in the beginning or 
dying away of the cyclone. Its value, therefore, is greatest on land and near the earth's surface, and 
comparatively small at sea or anywhere in the upper regions of the air. Its value also dei>ends upon 
the sine of the latitude, and is equal to 90° at the ecpiator, where sin / = 0, since there can be no gyra- 
tions there, and the motions must be either toward or from a centre of rarefaction or ccmdensation. 

In a perfect cyclone the isobars are circular and r becomes the radius of the circle, and in this 
case the gradients are estimated in the direction of the radius from the centre. In the two polar 

(39) 
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hemispherical cyclones the grddierits are estimated in the direction of the meridians, and'^the isobars, 
sup]>osing the cyclones to be perfect and unaffected by local disturbing causes, correspond with 
the parallels of latitude. In this case rin(2) is the distance frcmi the earth's axis, and r cos t 
expresses the (component of motion relative to the earth's surface in the direction of the parallels of 
latitude. In order to have the expression of G (1) strictly applicable to the polar cyclones we should 
have u sin / instead of t/, but the value of u in comparison with 2 n sin /, in this case, is so small that u 
may be neglected entirely without sensible error, so that the exi)ression may be regarded as applica- 
ble either to the ))()lar cyclones, or to any onlin.iry cyclone, or to the resultant of an^' number of 
these cyclones interfering with one another. 

.S. In ordinary cyclones or tornadoes, in which circumstances may be such as to give a very great 
gyratory motion near the <*entre, the term in (1) <lepending upcm u cannot in general be neglected, 
and it may even beconu^ much greater than the term depending upon /i, that is, u[)on the earth's rota 
tion, and in violent tornadoes and water spijuts, in which there are rapid gyrations very near the 
centre, the value of the term depending upon w may be >>o much greater than that depending ui>on n, 
that the latter may be entirely neglected in comparison with the former. For instance, if the dis- 
tance r from the centre of the cyclone sh(udd be 400 miles and the velocity v equal to 40 miles i>er 
hour, if we regard the value of / as being not ver\ large, (2) would give w^O.l, which in the middle 
latitudes would be about one-fourth of 0.524 sin /, and its omission would give rise to cimsiderable error. 
And if the the <listance from the centre were only 100 miles and the velocity of the wind the same, 
the two terms in the expression of (i would be about ecpial, and for very small distances from the 
centre with a large value of r, it is rea<lily seen that the term containing w and depending u[)on the 
earth's rotation may be very small in comparison with the other. In large (\vclones, however, and 
at a considerable distance from the centre, the value G depends mostly upon the effect of the earth's 
rotation, and only in some measure upon the mere centrifugal force arising from the gyrations relative 
to the earth's surface around the centre, and depending upon the term containing u merely and not n. 

4. The preceding general law expres.sed by (1) is deduced from <%irryingout more in detail princi- 
ples which the wiiter has already had published at different times and places, but a complete demon- 
stration of the law would be too complex and require too much mathematical analysis to be given 
here. It may, however, be important to give the following explanation, rather than a complete demon- 
straticm, of this law so far as it applies to ordinary cyclones of not very great extent, especially as the 
method of prcvsenting the matter here is different from any which hius heretofore been used. 

If water in a basin at rest has a motion of gyration around the centre, the mere centrifugal force 
arising from the gyrations causes the water to recede from the centre and ])roduce a gradient in the 
surface of the water, and conse<piently in the pressure of the tluid upon the l>ottom of the vessel. If 
we let r represent the distanc4t fn)m the centre and u the angular velocity of gyration, the centrifugal 
force is expressed by ru* simply. But if in addition to the gyratory motion of the water in the basin^ 
the basin itself also has a gyration like a disk around its centre, of which the angular velocity is 
represented by n\ we then have for the whole centrifugal force 

and the gradient referre<I to the* level of the water at rest in the basin, also at rest, depends upon this 
force. But if we refer tlu* gradi<»nt to the level of the water at rest relatively to the basin having the 
gyratory velocity n\ we must neglect the first term in the second member above depending upon n^ 
men»ly, an<l the gradient then depends merely upon 

/• (2 t/ II + u^) =: (2 // + u) r, 

putting V = ru for the lineal vehn'ity of motion or gyration in this case. 

5. In the case of a cyclone upon the earth's surfju'e of such extent only that the curvature of the 
surface (*an be neglected, we have exactly a similar c^ise. In addition to the gyratory motion of the 
cyclone relative to the earth's surface, is is well known that the part of the earth's surface occupied 
by the cycJone has a motion, one component of which is that of the gyration of a disk around its 
centre. At the poles of the earth, the angular velm^ity of this gyration is that of the earth's rotation 
around its axis represented by m, but thr any place between the iKiles and the equator it is equal to 
the vehx'jty of the earth's i-otation multiplied into the sine of the latitude, that is, equal to n sin L 
In this case we have w sin / corres|)onding to w' in the case of the basin of water, and hence we have 
(2n sin Z-f-M)r for the centrifugal for<M» upon which the gradient of the cyclone depends, for the term in 
this case dei)ending upon n* sin' /, corresponding to n' in the case of the basin of water, must be 
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neglected, as in that case, since the atmospheric gradient is referred to the elliptic surface of the 
earth, and not to the surface in the case of no rotation around its axis. This corresponds with the 
centrifugal force in (1), upon which the gradient depends in the case of no friction, in which the gyra- 
tions are circular, as supposed in the basin of water, and in wliich consequently sec i=zl. 
C. If we put 

h z=z the height of any stratum of the atmosphere of e(|ual pressure ; 

ft = the density of this stratum ; 

f/z=. the value of f» at the earth's surface ; 
we shall have 

(4) '; =///>rA, 

and, putting a for 100 miles, we get, according to the definition of G, 

... Q^a IKIi P 

<''' ~ 10500" //' 

in which 10500 is the ratio very nearly between the density of the atmosphere and of mercury at the 
surface of the earth, where the atmospheric pressure is supposed to be 30 inches and the temperature 
e<pial to 32° of Fahrenheit. When the mean temperature of the atmosphere is greater, the value of 
this constant should be increased ^ J^ for each degree of temperature. 
With the value of 1)^ /* obtained from (5) we get from (4) 

^^' ^=z 10500^/ (;. "\ 

Hut the first niember of this equation is the expression of the horizontal accelerating force arising 
from a difll'erence of pressure, and this in the case of no motion either toward or from the centre of 
the cyclone, as in the case of the basin of water, must be erpial to the i)art of the centrifugal force 
causing the gradient, which, when the gradient is referred to the elliptic surface of the earth, we 
have seen, is (2/* sin I -\- u)v. Hence we get in this case 

l^ = 10500 •'/ G. B' = (2n sin /-f w ) r. 

Where there is motion toward or from the centre of the cyclone we must a^ld a term, F, to the 
last member of this equation, to re[)resent the frictional resistance of the motion, and likewise one to 
represent the inertia of the air where its motion is either accelerated or retar<led. On account of the 
extreme mobility of the air this hist term may be generally neglected without any sensible error in 
any of the usual motions of the atmosphere, for it can be shown that only a very small part of the 
observed barometric gradients are necessary to overcome the inertia in accelemting and retarding the 
observed velocities. Neglecting, therefore, this effect, and adding F to the last member of the pre- 
ceding equation, we get 

.... ., c/ (2/i s'm i-^-ii) r cos /-f-F p 

^ ' '~tf* Wm) p'' 

Since the motion is now spiral and not circular, ami the centrifugal force depends simply upon the 
component belonging to circular motion, we must use here v cos i instead of v simply in the preceding 
expression. 

7. By the principle of the preservation of areas in the case of central forces only and no friction, 
we would have in all parts of the cyclone 

/•■^ (n «in /-j-m)— constant. 

Hence we get by differentiation 

r l),u=-'l [n «in /-+-»«) /><r. 

The second member of this ecpiation expresses the force which tends to produce a gyratory motion 
around the centre of the cyclone. In the ciuse of no friction this force is all spent in accelerating or 
retarding the gyratory velocity as the particles of air approach or recede from the centre, but where 
there is friction, it is mostly spent in overc<miing the frictional resistance. We shall, therefore, have 
very nearly 

(7) V'--'l(n sin l+u) D,r, 

putting F' for the resistance to motion at right angles to the radius, or in the direction of the gyratory 
motion. 

The resistance to the horizontal motion of any stratum of atmosphere which has to be overcome 
by the existing forces consists in the difference of the actions through friction of the stratum imme- 
diately above and below that stratum, so that when the relative velocity of either two contiguous 
6 
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strata is the same there is uo resistance to be overexjine by the forces. In the motion of the winds 
the velocity of the lower stratum relative to the earth's surface is greatest, the velocity of the second 
relative to the first a little less, and so on, until at a moderate height above the earth's surface the 
relative velocities, an<l conse^iuently the resistance of friction, are very small. The frictional resist- 
ance, theref(i)re, which has to be considered, belonging to each stratum or particle, is principally near 
the earth's surface, and at a small distance above it becomes comparatively small. Near the earth's 
surface, where the velocities of the strata increase with the height, this resistance is in the contrary 
direction of the motion of the atmosphere, and the component of this resistance, contrary to the 
direction of the gyratory motion, of which the velocity is ru cos /, is represented by F'. The other 
component of the resistance, therefore, contrary to the direction of the radius, in which the velocity 
of motion is Di r, is represente<l by 

ni cos I ru cos i 

This expressi<m is always positive, but it applies only to the part near the earth's surface, where 
the one component of motion is toward the centre of the cyclone. 

With this value of F (6) gives, neglecting J u in comparison with n sin / in the value of F', 

g 10500 V (i?co8i)V /• 

a ( 2 n sill I •\- u) v sec i j^ 

~' g 10500 //' 

since by the definition of * we have 

(D) tan / zz — -/A_''.. 

r rox 1 

Sin<»^ the unit of time is one hour in the expression of G, we must put 

(J = IJGOO* X :V.>.2 ft. = 79040 miles. 

With this value of (/, [)utting a z=i 100 miles, and with the value of /i, the angular rotatory velocity 
per hour of the earth's rotatitm in terms of the radius, which is 0.202, we get from (8) by putting 

'.y-=L -, the expression of G in (1). At the earth's surface the factor bec^imes unity. 

8. If the internal and external j)arts of the cyclone had the same temperature, the strata of equal 
jjressures would be ))arallel, or equidistant, and DJi woubl be a constant for the same place at all alti- 
tudes, and G would be proportional to S. But in order to keep uj) the motive power of the cyclone 
there must be a ditterence of temperature between the internal and external parts, and this causes an 
increase or decrease in the value of l)Ji with the idtitude, and consequently hy (5) an increase or de- 
crease of G in a greater ratio than that of//, other things remaining the same. In an ordinary cyclone, 
in which the teinpeniture is greatest, and conse(piently the density least, in the interior of the cyclone, 
the value of G increases in a less ratio than //, and hence in order to satisfy (8) v cos i must have a 
less value above than below ; but the reverse of this is true where the density is greatest in the interior 
at the same pressure, as in the jiolar hemispherical cyclones, and hence the mean constant motions of 
the upj»er strata of the atmo.sphere relative to the lower ones is ejistward in all latitudes. 

0. The value of i in (8) depends n)>on friction, and its value cai. only be determined from obser- 
vation. If in (7) F' vanishes, \^^r must vanish, and cousecpiently by (0) / vanishes and the gyrations 
are circular. The greater the vjilue t)f F^ for the same velocity or vjilue of r, the greater must be the 
value of I),r, and conse(piently of t. If for different velocities friction increases as the velocity, l),r must 
increase iis the vebH'ity inneases, in onler to satisfy (7), and hence (0) in this case gives i a constant 
for all vebx'ities, .so long as u can 1h» neglecte<l in comparison with n sin I in (7), but near the centre of 
the f'vclone, where u becomes very large in comparison with n sin /, l),r must become very small, 
other things remaining the same, and hence / niust also I>ecome small. For all ordinary winds it is 
probable that the value of / is nearly constant for all vehM'ities, and if so, being once determined from 
observation for a given kind of surface, as that of the sea, or for any kinilof land surface, as that of a 
prairie, this value is probably appli<'able to cyclones of all degrei\s of violence* upon such surface, 
except near the centre, and may bi» regarded as a known and fixed constant for that kind of surface. 

10. Some very im|MHtant work has Iweii done by Rev. ('lenient Ley to determine the value of this 
c^instant. the results of which have been given in the tlournal of the Scottish Meteorologic^il Society for 
the first quarter of 187.'i pagi* or>. The following mean values of i, given in ctmnection with the several 
stations in the Allowing table, were deduced from a considerable numl>er of observations taken indis- 



BAROMETRIC GRADIENT AND VELOC^ITY OF THE WIND. 43 

criminately by comparing the directions of the wind with tliat of the isobars, as given by observations 
made in the several countries to which the stations belong: — 

ScarborouKh 4 5H TliurHo 15 4 NottinKtiam 27 44 

Brest 7 2i> Holyhead 18 4 Oxford 2.» 12 

ScJlly 10 1 Aberdeen 21 3 Brusnels 29 .'»7 

Yarmouth VA 49 London 21 7 Paris :i6 23 

Pembroke 14 47 (Jreencnstle 22 I Skudne.^naei^ 41 17 

From these results Mr. Ley arrived at the following conclusions: — 

I. The winds commonly incline from the districts of higher toward those of lower pressure. The 
collective mean for the 15 stations is 20° 51'. 

II. This inclination is much gieater at inland than at well-exposed coast stations. The collective 
mean for Brest, Scilly, Yarmouth, Pejnbroke, and Holyhead is 12° 49', while for the internal stations, 
London, Nottingham, Oxford, Brussels, and Paris, it is 28° 53'. 

These results exactly confirm the theory of ordinary cy<*Jones, which requires, where there is 
friction, that there should be a motion of the air below toward the centre of the cyclone, as well as a 
motion of gyration, and hence i must have a positive value. This, it is seen, is obtained from obser- 
vation for each one of the fifteen stations taken separately. Moreover, the inlan<l stations, where the 
resistances are greater, give a greater value of t than the stations on the sea-coast, where the resist- 
ances are smaller. This likewise accords with theory. 

From the small value of i obtained bv Mr. Lev for the coast stations, we mav infer that at sea, 
and likewise in the upper regions of the atmosphere, it is still considerably less. The value of i, 
therefore, in (8), except at internal stations where the resistances are great, may be regarded so small 
that its secant can be taken as unity, and hence either the gradient or the velocity of the wind is 
known the one from the other. For inland stations near the surface), where the resistances are great, 
the value of i must be obtained from observation. 

11. With regard to the inclinations of the winds Uy the isobars belonging to the different quar- 
ters of the compass, Mr. Ley obtained for the inclination of se. winds 35° 11', of ne. winds 17° 43', 
of nw. winds 9° 4', of sw. winds 20° 13'. In these results s. winds were t«aken as sw. winds, e. winds 
as se. winds, &c. Hence ese. winds have the greatest, and wnw. winds the least inclinations to the 
isobars, which correspond very nearly to the ne. and sw. sides of the cyclones. Mr. Ley states that 
the average direction of the cyclones was about ne. Hence it appears that the inclination of the 
front part of the cyclone is greatest, and that of the rear the least, and this may i)erhaps be found to 
be a general law. It was also found that the ditt'erenc^es in the inclinations of the winds from the 
different quartei-s is greatest at coast stations. 

Mr. Ley likewise obtained the very important result that the difference between the inclination 
of strong and light winds at stations on the coast is trivial, but at inland stations the mean inclination 
is less with strong than with light winds, and that at all stations the inclination is more regular with 
a gale than with a light wind. This is all exactly in accordance with the preceding theory, for we 
have just seen in a preceding paragraph that where the value of u in ^7) becomes lai'ge, as it does 
near the centre of a cyclone, the value of i must become less ; but the strongest winds are also near 
the centre of the cyclone, and hence, in general, the strongest winds are found to have the least incli- 
nation to the isobars. And as the tendency of the very rapid gyrations near the centre is to approxi- 
mate to a circular gyration, it is evident that the inclinations must be more regular with such winds,, 
which are generally gales, than with light winds; as was found to be the case by Mr. Ley fron» 
observation. 

12. If the water in a basin of water has an interchanging motion between the internal and exter- 
nal parts, and this basin itself has a horizontal gyratory motion around its centre, it is well knowu 
that the water toward the centre, by the principle of the preservation of areas, tends to run into rapid* 
relative gyrations, but if the basin ha.s no such gyratory motion, the water does not run into such 
gyrations, but simply keeps the gyrations beUmging to the basin. So if, by means of the rarefaction 
of some area of the atmosphere, so as to cause a <lifferenceof density between the internal and exter- 
nal parts, an interchanging motion is kei)t up between these i)arts, the atmosphere must run into 
gyrations, that is, give rise to a cyclone, if the area occupied by this part of the atmosphere has a 
gyration around its centre, as we know it has, unless this centre is on the equator. The value of ti, 
therefore, in (7) depends ui)on the amount of gyVatory motion which the part of the surface of the 
ejirth occupied by the cyclone has around its centre, and vanishes at the equator where this gyratory 
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motion vaniHhoa. The factor (n sin / -{- tt), therefore, in the second member of (7), depends ujwn the 
latitude of the place, and vanishes at tlie equator. Hence the greater the latitude the less must be 
the value of D, r, when v cos i and couvsequently F', the resistance to this component of the motion, 
remain the same; and therefore by (9) the less must l)e the value of /. At the equator also, where 
r cos i vanishes on account of the vanishing of the gyrations, tan i becomes infinite, and conse- 
quently /= 90°. 

13. Mr. Ley's results obtained from the averages of all the stations correspond to about the par- 
allel of 50°. We now see that, according to theory, the less the latitude the greater must be the 
value of / obtained from observation, and that at the equator the motions would be found at right 
angles to the isobars. It would, therefore, be interesting to have the value of i obtained fnmi obser- 
vations for other latitudes. This has been done recently by Professor Loomis, (American Journal of 
Science, July, 1874), from two years' observaticms of the Signal Service of the United Statics, as given 
in one of the tri-daily weather maps for each day. The method adopted is different fnmi that used by 
Mr. Ley, but the results obtained should be the same by each method. The angle of inclination obtained 
from the.se weather maps wius over 45°, which is more than one-third of this value greater than that 
obtained by Mr. Ley for the five inland stations. The average latitude of the staticms on the United 
States weather ma])s is considerably less than that of the five inland stations used b^^ Mr. Ley, and a 
part of the pre<'eding dittereuce is, no doubt, due to that cau.se, as theory requires, but perhaps the 
greater part is due to the great^M* amount of frictional resistance to the gyrations in a new and 
wooded country. 

In the <*ase of the tra<le- winds, a part of the polar cyclones, the inclination of the direction of the 
wind to the isobars at sea is about 45°, and this being at about the latitude of 20°, the value of this 
angle, by theory, should be very much greater than its value at sea at the parallel of 50°, which from 
Mr. Ley's small value obtained for the coast .stations is perhaps le.ss than 10°, so that this also cx)nfirms 
the preceding tlu^ory. 

14. Having now learned something from both ob.servation an<l theory with regard to the value of 
the theoretically unknown angle / contained in the relation expres.sed by (1), we shall now proceed to 
make .some compari.sons of this law or relation with observation. We shall first consider the mean 
gradients and velocities belonging to the two polar hemispherical cy<*lones. Ob.servation shows that 
the banunetric pre.ssure is a maxinuim, and that, (^onse<pieutly, G vanishes about the parallel of 35° 
in the northern hemisphere, and a little nearer the equator in the .southern hemisphere, and that there 
are calmbelt.s, called the tropica! calm-belts, at these latitudes, excej)t so far a«s they are occasionally 
di.sturlMMl by local cyclones. By the relation expressed by (1), if we put G = 0, we mu.st also have 
r^O, unless cos / vanishes, which, we have .seen, does not, except at the equator. There mu.st, there- 
fore, be a calm when* (i iziO, and hence we have the tropical calm-belts. At the equator we al.so have 
Gi=0, and with this value (1) is .sati.sficd with rinO, that is, with a calm-belt, as observed at the 
equator: but it is likewise sati.sficd by (2/i sin /-f-'O vanishing at the equator, and hence v is arbi- 
trary. 

Again ob.servation shows that the mean constant barometric pressure increases in the middle 
latitudes in going from the poles to the ecpiator, and decreases within the tropics, and hence G is posi- 
tive in the former ca.se and negative in the lattt»r. The relation of (1), or of (8). requires that in the 
former ca.st* we should have the principal component of velocity, r cos /, positive, and in the latter 
ca.se negative, that is, that in the middle latitudes there should be an eastward motion, and l)etween 
the tropies and the equator a motion toward the west. This, it is well known, is in accordauc^^ with 
ob.servation. 

15. The barometrii* pressures given by Frofes.sor Loomis ('"Meteorology.'' page 18) indicates that 
at alMmt the parallel of 04° in the northern hemi.sphere, and about the parallel of 74° in the southern 
hemisphere, there is a minimum of barometric pressnre, and hen<*e G vanishes in these latitudes, and 
therefore, for rea.sons which have alrea<ly been giv4»n, we must have calm-belts there. The observa- 
tions from which these pressures have been deduc4*d perhaps did not snfiiciently embrace all longitudes 
and all .s^^asons to give the mean constant pressures, unafl'ected by local circum.stances and the seasons. 
This we know is the case in the .stinthern hemi.sphere, where the most .southern ob.servations, obtained 
mo.stly by the British Hoard of Tra<le, were necessarily made <luiing the summer season, when the 
barometric pn^ssun* is the greatest in tho.se latitudes. If, however, it can be clearly shown by obser- 
vation that the mean annual pn\ssure is a minimum at these latitudes all around the globe, then the 



BABOMETBir (GRADIENT ANJ) VELOCITY OF THE WIND. 45 

gradif^nt or value of G is negative between these parallels aud the imles, and there must consequently 
be a wind between these parallels and the i)oles having the (component v cos i from the east, and as 
the other conifionent ol motion at the surface must in this case be from the pole toward the minimum 
pressure, the wind must l)e from some point between the north or s<mth, according to the hemiaphen*-, 
and the east. 

1(). The real velocities and directions of the mean constant winds have been determined only very 
roughly from observation on any pail of the globe, and hence no very accurate comparisons of our law 
with observation can be ma^le. Such c<mij)arisons, however, all seem to establish the truth of the law 
within the limits of the errors of observation. The mean constant isobars in the British Islands, as 
determined by Mr. Glaisher, all ettect^of the seasons and of local disturbing causers l)eing eliminated, 
gives very nearly G = 0.02 of an inch. With this value in (1), supposing the direction of the wind to 
be toward the east, or nearly so, or that the value of / is small, we get r = 6 miles, nearly. This is a 
very little less than the mean eastwanl velocity of the wind here, a« determined by the late Professor 
Ooflin, and given in his ''Winds of the Northern Hemisphere." Again, from the table of barometric 
pressures given by Buchan ("Handy Book of Meteorology," page 27) we deduce the approximate value 
of G = — 0.02 about the parallel of 20° in the northern hemisphere. The stations in this table belong 
to widely different longitudes, and the gradients, no (h)ubt, differ considerably on the same parallel in 
different longitudes, so that this is merely a rough average value for that latitu<le. On the ocean in 
this latitude, where the trade-winds prevail, without any disturbance from local disturbing causes, the 
directicm of the wind being about ne., is inclined to the isobars about 45°, and the direction being 
westwanl the value of i in this case is alxmt l80°-f.^^° = ^^»^°- With this value of *, and the value of 
G above, we get from (1) ^=15 miles, nearly, the principal component r cos i being negative and con- 
sequently westward in this case. This velocity cannot differ very much from the usual velocity of the 
trade-win<ls, so that the result seems t^^ contirm our law with regard to velocities. 

From the table of barometric pressures given by Buchan, which has been already referred to, we 
obtain for the parallel of 52° in the southern henusphere the value of G 1=0.07 of an inch, and the 
tabular results from which this is obtained are the aveiages of a very large number of observations 
obtained by the British Board of Trade, so that this gradient may be regarded as being pretty 
accurate, and it is perhaps very nearly the same on that parallel all around the gh)be. Supi)osing the 
value of t here to be small, that is, that the wind blows very nearly from the west, we get from (1), 
with this value of G, r z=21 miles for the velocity of the winds on this parallel. All accounts represent 
the west winds in this latitude as being very strong all around the globe. Mr. Laughton says :• 
"Between the parallels of 40° an<HM)° the westerly wind blows with a constancy little inferior t^ 
that of the trade, but with much more violence. About the parallel of 50°, indeed, it is found as a 
rule, to be blowing ^ half a gale of wind,' and this not only scmth of the Atlantic, but all round the 
world." A velocity of 21 miles per hour makes a pretty strong cx)nstant wind, and this theoretical 
vel(K;ity probably corresj)onds very nearly with the average wind in this latitude. 

17. We come now to make some applications of the law t^iordi nary cyclones. Since in tlie centre 
of a cyclone the barometric pnsssure must be a minimum and (jonsecpiently G=0, in order to satisfy 
(1) in this case we must have rizrO, an<l hence there must be a calm at the centre. In the large 
cyclones the gi*a<lient or value of G may not become sensible for a considerable distance from the 
centre, and in sm^h (rases tliere is no sensible velocity of the wind within that distance. The area of 
almost a perfect (;alm in some cyclones is said to be as much as 'M) miles in diameter. 

The gyrations of tlie external part of a cyclone an* necx»ssarily in the contrary <lirection, and 
hence the compon<»nt of gyratory motion v cos / must be negative, and c^uisccpieutly sec r in (1), and 
the sign of G becomes reverse<l. At some <listance, therefore, fi'om the <*entre of a perfect cyclone 
between the centre and the outer limit, the barometric pressure must be a maximum and G vanish. 
At this distance, therefore, by our law we have r = 0, that is, a cahn. Hence areas of high barometer 
must gen<»rally be areas of calms. 

18. If the isobars of a cyclone drawn to every tenth of an inch of the barometer reduced to sea- 
level are 100 miles apart, we have G = 0.1 of an inch. With this value of G, supposing the value of 
i to be so small that we can put sec / = 1, we get from (1) at the distance of 400 miles from the cen- 
tre of the cyclone, or centre of curvature of the isobars, and cm the parallel of 45°, i? = 29 miles for 
the velocity of the win<l; and this wouhl be very nearly the victual velocity at sea, where the value 
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of i is small. But if the value of i is 45°, which is nearly the value obtained b3' Professor Looraift 
from the average of all the stations of the United States Signal Service, then we get for the velocity 
of the wind, under the same circumstances, r=z2l miles. With a still much greater inclination than 
this average inclination, which must frequently ha[)pen, this velocity becomes much less. 

At a distance of only KM) miles from the centre, all the other circumstances being the same as 
above, we get v=z22 miles in the csise in which / is small, as at sea; and in the ca.se in which the 
value of i is 45°, we get r^l8 miles, nearly. The ('comparison of these values of v with those of the 
j)receding paragraph shows that the velocity of the win<l belonging to the same gradient diminishes 
considerably toward the centre of the cyclone. 

19. The piticeding law or relation contained in (1) cannot be tested by comparing the observed 
velocities of the wind in individual cases with those deduced from the corresponding gradients 
obtained fnmi the isobars as laid down on the weather maps of the Signal Service; for thei^e l>eing 
laid down from observations niiule at the stations which are in many cases several hundred miles apart^ 
the et!*e(its of the minor more local disturbances cannot be taken fully into acx^ount, since within an 
ordinary cyclone there may exist several smaller cyclones with distinct centres of their own, of so 
small extent that their effects upon the isobars cannot be determined from stations merely at wide 
distances apart. The law can only be tested by comparing the average velocity of a great many indi- 
vidual cases with the average of the corresponding observed gradients, as deduced from the isobars^ 
taking accoiuit of the distances of the stations from the centres of curvature of the isobars. 

20. According to the empirical law of Dr. Buys Ballot, the wind blows at right angles to the line 
joining the highest and lowest pressures, or, in other words, in the direction of the isobars, and with 
a force proportional to the steepness of the gradient. This, so far as it represents the true law of 
nature, is wholly contained within the preceding theoretical and much more general law. Theoreti- 
cally the direction of the win<l can never exactly coincide with that of the isobars, but according to 
the results obtained by Mr. Ley the inclination to this direction may be small in the higher latitudes 
at sea, and on level prairie or mostly cultivated (tountries, where the winds are not obstructed by 
woodlands; but according to our theoretical law this angle, even at sea, must become large toward 
the equator, an<l accordingly we find that the trade-winds at the parallel of about 20° are inclined to 
the direction of the isobars about 45°. This law of direction then, sis a general law applicable to all 
latitudes, is not even approximately true near the equator. With regard to the forc^e or velocity of 
the wind, we see from a mere inspection of the expression of G in (1), that the velocity in all parts 
of the cyclone for the same latitude is not i>roportional to G, but is less near the centre of a cyclone; 
and this has likewise been shown (section 17) by ol)taining numerical results in special assumed 
cases. It is, moreover, seen that in different latitudes the value of v corresponding to the same gra- 
dient, or value of G, must be nearly inversely as the sine of the latitude, especially at a considerable 
distance frou) the centre of a cyclone, where u in (1) is small in comparison with 2Hsin/. For this 
rt»ason the violence of the wind in a cyclone corresponding to the same gradient is mudi greater 
within the tropics than in the higher latitudes. 

21. If we i)ut 

G' = (} divided by 100 miles; 

I) = the barometric depression in inches at the earth's surface in the middle of a cyclone; 

we shall have 

,,.. 1) /* (" /* (0.524 sin / -+- w) t'J^ec I 

* ' ~ J r ' ~~ J T S:iOOOOOOO 

in which r must be express<Ml in miles, and the integration be made from r ^0 to r equal its value 
when the barometric pressiin* iscfpial to some assumed value, as the mean, below which the depression 
is estimated. 

It is well known that there is a dej)re.ssion of the barometer below the mean in the middle of all 
cyclones. In the polar regions, near the cent res nf the two polar hemispherical cych)nes, the barome- 
tric pr4»ssure is considerably below the hhmii, near tin* imu'IIi J)o1c more than a half inch, an<l near the 
south iM»le about an inch, the <lepression at the latter being greater on account of there being but 
litth' land ami few mountains in the southern hemisphere to obstruct the gyrations around the i)ole, 
UjM)!! which the depression <lep< nds. in the middle, also, of ordinary cyclones a dejiression below the 
mean of two or more im-lies is sometiiiKs obs(»rved. V\^ to this time no mcteon)logist has accounted 
for these depressions. It has been atteiiipte<l to actrouiit for them by means of the centrifugal force 
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Hrising from the gyrations relative to tlie earth's surface merely, neglecting the gyrations arising 
from the earth's rotation; but this in all cases gives an effect very much too smnll. For u[)on this 
principle we neglect the principal term in the expression of D (10) depending ui)on 0.524 sin I, and 
retain only that depending ujmn t*, which we have seen, is generally very small in comparison with the 
former. In fact, in the two polar hemispherical cyclones u is so small in comparison with 0.524 sin Z, that 
it can be entirely omitted without sensible error, so that b^' retaining merely this very small term we get 
from ( 10) no sensible depression of the barometer toward the poles at all. In ordinary cyclones, also, the 
effect depending upon u merely is very small in cxunparison with that depending upon the other term, 
except in violent tornadoes of small extent, in which the principal part of the gyrations is near the 
centre. By using the complete expression of 1) we obtain a complete and satisfactory explanation of 
all these depressions. When a cyclone is of large extent no great velocity and corresi)onding steepness 
of gradient is necessary in any part to give a great depression, for the greatness of the depression arises 
from the extent of the integration. For instance, in the great polar cyclone of the southern hemis- 
phere, we have seen the greatest ejustward velocity, corresponding tx> the steepest part of the gradient 
about the parallel of 52°, which is nec^essary to give the great depression near the south pole, is only 
twenty -one miles per hour. 

22. All barometric oscillaticms depend almost entirely upon cyclonic action, and are caused gener- 
ally by the passage of ordinary cyclones over the [dace of observation. Hence at the equator, where 
cyclones cannot be formed, there are scarcely any sensible barometric Ovscillations except the regular 
small diurnal oscillations. In this ca.se the expression of D in (10) becomes indeterminate, since at 
the equator (2 n sin / -f- u) vanishes, but sec i becomes infinite. But since the valueof t depends upon 
friction and uj)ou the neglected effect of inertia, the value of D must likewise, in this case, depend 
upon these. Observation shows that at and near the equator the barometric oscillations are extremely 
small. Col. Sykes observes with regard to the small diurnal oscillations on the plateau of the Deccan: 
" In many thousand observations nuule by myself there was not a solitary instance in which the 
barometer was not higher at — 10 a. m. than at sunrise, lower at 4 — 5 p. m. than at 9 — 10 a. m., what- 
ever the indication of the thermometer or hygrometer might be: nor was there a solitary instance in the 
year 1830 in which the maxinnim night tide was not higher than the 4 — 5 o'clock day tide."* Hum- 
boldt likewise observes with regard to the regularity of these oscillations in the torrid zone: ''This 
regularity is such that, in day time especially, we may infer the hour from the height of the column of 
mercury without l>eing in error, on an average, more than 15 or 17 minutes. In the torrid zone of the 
new ccmtinent I have found the regularity of this ebb and flow of the aerial ocean undisturbed either 
by storm, tempest, rain, or eartlKpiake, both on the coast, an<l at elevations of nearly 13,000 English 
feet above the level of the sea." These small diurnal oscillations have nothing to do with the ques- 
tion which we are considering, but as the range of these oscillations is oidy 0.1 of an inch, the pre- 
ceding extracts show that the irregular oscillations due to other causes, which in the higher latitudes 
frequently amount to an inch or more, in the torrid zones are so small as scarcely to interfere with 
the regularity of the these small diurnal oscillations, an<l hence must be themselves very small. At 
the equator there cannot be any gyration, an<l hence in the storms and tempests of which Humboldt 
s|)eaks, the motion of the air at the surface of the earth is <lirectly toward the centre of the area of 
diminished density, and both the inertia of the air and the friction belonging to this motion are over- 
cx>me by the force arising from almost iiisensible barometric gradients. The inertia, therefore, of the 
air merely, which we omitted at the outset in obtaining the relation of (1), is overcome by a very 
small jmrt of the usual gradients, and its omission, coiise<|uently, gives rise to only a very small error 
in any case. In a cyclone, the force arising from the gradients is almost exiK'tly balanced by that 
arising from the centrifugal force of gyration, including that of the earth's surface, and so great is the 
mobility of the air, and so sm;dl is the amount of friction, that it is only a very small part of this 
force which is spent in keeping up the motion of the air between the internal and external parts of 
the cyclone. 

23. If friction is as the first power of the velocity, it is evident from (7), other circumstances 
remaining the same, that the gyratory motion of a cyclone, and consequently the value of r, is as the 
sine of the latitude, or sin /, and hence the value of I) in (10) is as the square of this sine. The mean 
monthly ranges of the oscillations of the barometer must, therefore, increase with the latitude, and 
should be somewhat in proportion to sin* L This is shown to l)e the case from observation. In the 
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followiii|iif table we have the mean monthly ranfjes given by observation* corresponding to the given 
latitudes in the first column, and in the last column we have the ranges Which increjise as sin* I, put- 
ting the range at the pole equal to 1.(5 inches. 
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or course we cannot expect a very nice agreement in the last two columns, since there are sev- 
eral circumstances besides latitude wiiich aflect these oscillations. The rapidity of the gyrjitions in 
a cyclone, and consequently the amount ot* barometric depression in the ctuitre, depends very much 
upon the amount of atpieous vapor with which it is fed, and this diminishes from the equator to the 
pole. The great cyclones also, which move from lower to higher latitudes, continually increase in 
diameter, and henc4» the amount of depression in the centre, and tlie amount of barometric oscillation 
at any place caused by the passage of these cyclones over it, must increase towanl the poles. These 
two effects, however, tend in some measure to counteract each other. The monthly range of 0.1 of 
an inch at the equator is siniply that of the diurnal oscillations due to another cause, so that the 
irregular <»scillations sensibly vanish there, as required by theory. 

No adequate cause hjvs heretofore been given for these oscillations, nor one which does not e<pially 
apply at the equator and in the higher latitudes. We have here given a complete explanation of 
them, and of their vanishing, or nearly so, at the equator, and of their gradually' increasing with the 
latitude. We now also see the reason why the diurnal oscillations are so regular, not only exactly at 
the equator, but throughout a belt of considerable extent on each side of it. For the irregular oscilla- 
tions, which interfere with the regularity of the diurnal, being as the square of the sine of the lati- 
tude, must be very small for a cxmsiderable distance from the equator. The preceding results also 
still further verify the law expressed in (1), since the expression of (10), uj)on which these results are 
base<l, is obtained <lirectly from the former. 

24. Wherever the atmosphere over any large* areaof the earth's surface receives a gyratory motion 
from any cause, this motion gives a value to u and p in (1), an<l, hence, likewise to G. The term, 
however, depending upon w, in any such case, is so small in comparison with that depending upon 
2n sin /, that it can be omitted without sensible error. We can also put sec T^ 1 in this ca^se, and 
then we have v=Lru^ and r may be either positive (u* negative. If r is positive, that is, if the gyra- 
tion is from right to left in the northern hemisphere, or the contrary in the southern, the value of G 
is iM>sitive, an<l the pressure increases from the c^Mitre outward, and there is low barometer at the 
centre; but if the gyrations are the contrary way in either heniisphere, the value of G is negative, 
and conse<|uently high barometer at the centre of gyration. The westward motion of the air at the 
parallels of the trade-winds in the Atlantic (H;ean, and the eastward motion in the middle latitudes, 
are in some measiu*e obstructed by the continents and deflected fnmi their course. The westward 
motion north of the e<piator is turned northward over inid along the coast of the United States, and 
the eastward motion in the north Atlantic is deflected south and north by the ccmtinent of Europe, 
while on the corresponding part of the coast of America the air is drawn away faster than it is sup- 
plied by the flow over the continent on accoinit of the greater resistances on land than on sea, and the 
same iHM'urs on the African coast in the torrid zone. Hence the deflec^ted currents supply these de- 
ticiences and give rise to two gyrations in the north Atlantic, the one being a gyration from left to 
right over a large area having its i*entre about the parallel of 30° and half-way l)etween the conti- 
nents; the other, in the northern part of the Atlantic, being a gyration from right to left, and having 
its <*entre alnait the pandlcl of 0.*)°. Hence there is an area of high barometer in the middle of the 
former gyration, and of low barometer in the middle i)f the latter. The eff'ect of these gyrations is in- 
dicated by the isobars drawn on the British Admiralty charts, on which several of the.se isobars, 
ilrawn to tenths of an inch of the barometer, always return into themselves. If we suppo.se these iso- 
bars to be 500 miles apart at any pla<'e, on the parallel of 30°, the value of G would be 0.02 of an inch, 
and with this value of G, putting lz=.'MP, wi» get from (1) ?^zz=.S miles, nearly, for the velocity of gyra- 
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tion per hour at that place. In the northern gyration the velocity corresponding to the same gradient 
would be less on account of the greater value of sin L Fniin the isobars of the Admiralty chart we 
see that there are two similar gyrations in the north Pacific, causing an area of high barometer about 
the latitude of 30°, and of unusually low barometer toward the pole. There are also indications of 
these gyrations immediately south of the equator in both the Atlantic and Pacific oceans, and also 
in the Indian ocean, asshown by the isobars, but not toward the poles, since the continents in the 
southern hemisphere do not extend far enough south to produce the necessary deflections there. 

25. If we multiply the second member of (I) by 10,500, the ratio between the density of the air 
at the earth's surface and mercury, by which we get 800, nearly, for the denominator instead of 8,300,000, 
G expresses the gradient of sea-level due to the deflecting forces of the earth's rotation. The south- 
ern part of the north Atlantic is supposed to make a gyration in about three years, on account of the 
more complete deflections of the continents in this case similar to those of the atmosphere. This, at 
the distance of 1,500 miles from the centre of gyration, would give t? = — 0.35 of a mile, v being 
negative, since the gyrations are from left to right. With this value of t?, putting sec t = 1, we get 
from (1) with the new denominator, G = — 0.58 of a foot for the change of sea-level in 100 miles on 
the parallel of 30*^. The value of G being negative shows that the sea-level is highest in the middle 
of the gyration, and the difl'erence of sea-level between the centre and the external part of the gyra- 
tion would amount to several feet. Similar gradients in the sea-level are produced wherever there 
are ocean currents, the gradient being proportional to the velocity of the current and the sine of the 
latitude. 
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CYCLONES, TORNADOES, AND WATER-SPOUTS, 

BY WM. FKRREL/^ 

(From the " Arneriran Journal of S<-i<'mt', Vol. XXII, July, IHM, Alwjtract, luiblinbtHl by iiermiH^ion of rarliKlc P. Pattfrfoii, Suiwrinteiulent of the 

Viiitoil Stat«*H CoaHt and fJeodi-tif Survey.] 

If all [)arts of the atmosphere had the sarae temperature aud the same hygrometric state it would 
remain in a state of static equilibrium. The principal circumstance which disturbs this equilibrium 
is the difference of temperature between the equatorial and polar regions. This gives rise to an in- 
terchanging motion of the air, toward the equator below and from it above, and if it were not for the 
effect of the earth's rotation on its axis this interchanging motion would be at all places in the direc- 
tion of the meridian, and would be continually accelerated in its initial motions, until the friction 
arising from these motions would exactly equal the force producing them, after which the motions of 
any one place would be constant, but of course, different at different places. The now well-known 
eff'ect of the earth's rotation is to give rise to a deflecting force to the right of the direction of the 
moving body in the northern hemisphere and the contrary in the southern, whatever may be the 
direction of the motion. Hence the air in moving above toward the poles, is deflected toward the 
east and in moving toward the equator below, toward the west, so that the tendency is for the air to 
assume an eastward motion in the middle and higlier latitudes, and a westward motion nearer the 
equator. These latter moti(uis, combined with the interchanging motions between the equatorial and 
polar regions, give rise to what are called the general motions of the atmosphere, dei)ending upon the 
difference of temperature between these regions and independent of local disturbances of temp erature 

The amount of eastward motion depends upon the amount of friction, and must be such that the 
friction at the earth's surface is equal to the force causing this component of motion, and the same 
with regard to the westward motions. According to well-established principles of mechanics, there 
cannot arise any force from the effect of the earth's rotation, which bv means of friction would tend 
to either increase or decrease the earth's ix)tation, and hence the eastward and westward components 
of motion must be so adjusted that the sum of all the moments of force acting upon the earth 
through friction and tending to affect its rotation, must be equal 0, and hence, as there are eastward 
components of motion in the higher latitude, there must necessarily l)e westward ones nearer the 
equator. The eastward motions in the higher latitudes increase with increase of altitude, but nearer 
the equator the westward motions decrease with increase of altitude and at a certain altitude vanish 
and become eastward motions. 

The deflecting force depending upon the earth's rotation is such that if the air on the parallel of 
45° has a velocity of 54 miles per hour, it gives rise to a gradient of pressure, increasing to the right 
of the direction of motions in the northern hemisj)here, and the contrary in the southern, of 0.1 inch of 
mercury in the distance of one degree of a great circle of the earth. This force, and c(msequently the 
gradient, is as the velocity and the sine of the latitude, and hence it is a maximum at the pole and 
decretvses toward and vanish<^s at the equator. The eastward motion, therefore*, in the midde and 
higher latitudes gives rise to a gradient of pressure increasing toicard the equator and the westward 
motion between the tropicus and the equator to a gradient of pressure increasing in a direction frorm 
the equator, and henc^ there must be a belt of higher pressure all around the globe, having its maxi- 
mum at the latitude of 30° or 35°, where the dividing line is between the eastward and westward 
motions. The pressure diminishes from this maximum toward the poles, so that the pressure at the 
j)oles, especially the south pole, is less than at the ecpiator. As the southern hemisphere is mostly 
covered by the ocean, on which the friction is much less than on land, the eastward velocities in the 
middle and lower latitudes of this hemisphere in tlieir normal state, amount to almost a gale entirely 
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around the globe, ami these give rise to a very steep gradient there, and a great barometric depres- 
sion at the soutli jmle. 

The regularity of the general motions of tlie atmosphere and of the gradients de|»ending u^ion 
them, is very much interfered with by irregularities in the distribution of the earth's temperature 
arising from ocean currents, and from irregularities of the earth's surfa<M>, comprising both sea and 
land with its mountain ranges. This part of the subject was treated in Part I, of these researches, 
but some knowledge of the principles contained in this [)art of tlie subject and of the results is neces- 
sary to understand the theory of cycb)nes, tornadoes, etc. 

Cyclonea, — Cyclones arise from more local disturbances of temperature. On acxjount ol the want 
of homogeneity of the earth's surface and of the hygrometric state of the atmosphere, the amount of heat 
received and radiated by tin* earth's surface and the atnu)S|)here, is very different in different localities. 
Where more heat is received than radiated, the temperature must continue to i-ise until the loss of heat 
by radiation and other means exactly e(|uals the amount received, and hence there cannot be uniformity 
of t^mp(Tature even on the same latitudes, and there must be a great many local irregularities in the 
distribution of temperature independent of the great general disturbance of thec(puility of temperature 
between the e(piatorial and polar regions. These must give rise to corresponding motions of the atmos- 
phere which are superadded to those of the general motions. If in the unequal distribution of tem- 
perature it should happen, as it must fuMjuently, that there is a scmiewhat circular area with higher 
temperature in the interior and with temperature gradients increasing somewhat regularly on all sides 
from the centre outward, we slumld have, at least approximately, the initial ccmdition of a cychme. 
There would be a motion of the air from all sides toward the central part of the warmer and more 
rare air in the interior, a v(Ty slow rising up of the air in this part and a flowing out of the air above; 
that is, there would be an interchanging motion between the C4)lder and warmer parts of the air. Just 
a.s in the case of tin* general motions of the atmosphere there is between the e<piatorial and polar regi<m8, 
except that in the one <*ase the flow is toward the central part beK)\v and from it above, while in the other 
it is the rev4M*se. Any limited portion of the 4*artlfs surface of not very great extent, may be regarded 
as a plane, and this by virtue of the earth's rotation, has a gyratory motion around its centre, e(pnd 
to that of the earth's rotation multiplied into the sine of the latitude of this centre. Hence, as in the 
<*ase of tin* gencM'al motions of the «»artli, this interchanging motion between the central and exterior 
part of tin* warmer and more rarifled air, must give rise to gyrations around the centre from right to 
left in the northern hemisphere, with gyrations the contrary way in the exterior part, and these gyra- 
tions in contrary directions must givt* rise to gradients of pressure increasing in the central part 
from the iMMitre outwanl, but in the external part to a gradit'ut of pn*ssure increasing from the out- 
ward limit of the gyrations toward the centre, so that there must be a belt of high pressure with its 
maximum wher<' the interior gyrati<»ns in j^roceeding from the centre, vanish an<l change signs. These 
ext(Mior gyrations an<i the gradients arising from tinMu are generally small in comparison with those 
of th(» interior, and they are generally so int«Mfered with by numerous irregularities, that they are not 
readilv shown by observation, but to <lenv that thev exist, wouhl be to denv the truth of a fundamen- 
tal and well-established principle in mechanics. 

The incr(»ased pressure un<ler the b(»lt of high barometer surrounding the (central part of the 
cyclone causes a fuoditication (»f the flow <»f air toward the centre very near the surface, for the aii* is 
forced out from beneath in Ixitli directions, the tlow toward the outward border very near the surfacii 
counteracts and rev<*rs<'s the flow toward the centre arising from the {uimary and initial cause of dis- 
turbance, while the part presse<l out on the interior side toward the centre, 4M)nd)ines with this flow 
toward the ccMitre and increases it. For the same reason in the general motions of the atmosphere 
the flow ot air Indow from tin' p<ilar to the etpiatorial regions is rev«Msed very near the surface, and 
the gentle southwest winds of the middh* latitudes are prodiUMMl. 

The preciMling conditi<»n. found ifi the umM|ual distribution of temperature, must be regarded 
simply as a primary cause of disturbanc(>, giving ri.se men»ly to the initial cych)nic disturbances; for 
without otluM- conditituis, d(*)K'nding u|>on the hygrometric state of the atmosphere, and upon the rate 
of decrt*ase of tem|M'rature with increa.se of altitude in the atmospluMc generally in which the cyclone 
exists, we wtadd have no cyclone <if long ctmtinuance or of nnnrli violiMice. With a dry atmosphere, 
the air in the ascending curnMit of tin* inteiior would cool about one degree centigrade for each 100 
metres of a.scent, so that the air at a very moderate elevation would become colder and more dense 
than that of the strata of the surrounding atmosphere at the same altitude. The pressure then of 
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the air at the siiri'acje iii the interior would become equal to or greater than tliat of tlie air generally, 
unless the rate of decrease of temperature with increase of altitude in the latter were greater than 1® 
C. for 100 metres, which it never is except in some rare cases and very near the earth's surface only. 
When this would take place the initial cyclonic disturbances arising from this primary cause of dis- 
turbance would cease. 

If the air is nearly saturated with aqueous vapor, after ascending to only a moderate elevation, 
its tension and temperature are so much diminished that the vapor is condensed into cloud and rain, 
and the heat given out in the condensation of the vapor as the air ascends prevents the rapid cooling 
which takes [)lace in dry air and the rate of cooling with increase of altitude is reduced, in ordinary 
temperatures and elevations, to less than half of what it is in dry air. If in this case the rate of de- 
crease of temperature with increase of altitude in the surrounding atmosphere generally is less than 
that in an ascending current of saturated air, then the temperature of the air in the ascending cur- 
rent, at all altitmles, must be less than ti)at of the air generally, and hence the column of ascending 
air is lighter than the surrounding air, and the ascending current is kept up as long as it is supplied 
with air nearly saturated. If, however, after a time, this current comes to be supplied with dryer 
air, then it ha^s to as(;end to a much greater elevation before condensation of the vapor takes place, and 
as it cools at the rate of 1° C. for 100 metres before it reaches that elevation, it may be cooled down 
lower than the surrounding air before reaching the elevation where condensation commences, so that 
if, in this case, we should have the conditions of a continuing cyclone at all, the ])ower of the cyclone 
would at least be very weak. 

Where the st'ite of the atmosphere is sucii, whether dry or saturated with moistur**, that the rate 
of decrease of temperatine with increase of altitude is greater than in an ascending current, it is said 
to be in a state of unstable equilibrium, since if from any slight predisposing cause such ascending 
current is once set in motion it must continue until this state is changed, either by the action of 
what we have called the ]>rimary causes of disturbance of tcmi)erature or from the inverting action 
of the currents set ifi motion. But an atmosj)here in this state over a large area would not furnish 
the (Mmditions for a large (\vclonc, but there would be simply a bursting up of the lower strata 
through the upper ones at various places, giving rise to numerous local showers, and often to torna- 
does an<l hail storms. In order to have the complete conditions of a large cyclone it wcmld be neces- 
sary to have a central region of warmer and more rarefied air to set in motion ascending currents 
over a considerable area, and with this there might be considerable cyclonic disturbance if the atmos- 
phere were not (juite in the state <if unstable e(piilibrium, but without this latter condition also we 
could not have a long-continued ('yclone. It is seen then that tiie moisture of the air is a very 
important element, since without this we cannot have the state of unstable e(piilibrium unless the 
rate of <lecrease of temi)erature with incn»ase of elevation in the atmospiicre gen(»rally is greater 
than 1° <\ for each 100 metres, but where the air is saturated this condition takes place with a rate of 
dec^rease less than half as great, a rate of decrease which is often found in the atmosphere. The 
more nearly the air is saturated with vapor, and the greater the decrease of temperature of the air 
generally with the increase of elevation, the greater is the power ot the cyclone. But without these 
there may be considerable cyclonic^ disturbance kei)t up for some tinn*, arising from the i)rimary 
causes of disturbance, even where the air is so dry that there is very little condensivtion of vapor 
into cloud and rain. Professor Loomis has shown that there is sometimes a considerable barometric 
dei)ression for several days with little 'or no rain, but in such cases there are oidy small gradients 
with U4) violent winds, ami the dei»ression only becomes considerable from the gradients extending 
ovei* a large area. At the e(piator, where there is no gyration of the area of rarefaction around its 
centre in virtue of the earth's rotation around its axis, there cannot be any gyratory motion, but the 
interchanging motion between the central and external part is (entirely radial. Cyclones are there- 
fore never observed on or near the equator. 

If tluMC were no friction between the air and the earth's surface, all the conditions of a cych)ne 
couUl be satisfied by circular gyrations without any radial motions, except in the initial state before the 
radial motions are brought to rest by means of the fricticm between the different strata. In this cjise 
the linear velocity of the gyrations would be very great near the centre. The greater the amount of 
friction between the air and the earth's surface the less the velocity of these gyrations, and the 
greater the inclination of the direction of motion at the earth's surface from the direction of the 
tangent toward the centre. This is shown by the mathematical expression of this inclination deduced 
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from the solutions of the equations expressing tlie conditions of a cyclone, and this same expression 
shows that near the centre of a cyclone the ^jfyi'^tions of the surface are more nearly circular than^t^ 
|i(reater distances from it, and that, all other circumstances remaining the same, the nearer the equator 
the greater the inclination, so that at the equator it becomes 90°, and the motion, as alrea<ly stated, 
is mdial. In the exterior, or anticyclonal part, where the gyrations are reversed, this inclination at 
the earth's surface is outward from the tangent. At all altitudes some distance above the earth's sur- 
face the friction is small and the gyrations are more nearly circular, but a little inclined toward the 
centre in the lower part where the interchanging motion is toward the centre, but outward from the 
centre above, where this motion is from the centre. 

If any central area for some reason could l>e kept colder than the surrounding parts, with a gradi- 
ent of temperature increasing somewhat regularly from the centre outward, we should have the con- 
dition of a cyclone with a cold centre. This condition is furnished in some measure by an island in 
a northern sea in winter, on which the temperature is less than on the surrounding oc^ean. In such a 
case the interchanging motions below and above would be reversed, but the gyrations would be in the 
same direction around the centre in the interior part as in the case of an ordinary cyclone, and the 
contrary in the exterior part. The general motions of the atmosphere on each hemisphere of the 
glol)e, with the cold poles as their centres, are simply two examples of cyclones of this sort. The 
gyrations, here in the northern hemis[)here, are around the pole from right to left, as in an ordinary 
cyclone, and the contrary in the southern hemisphere, while at a certain distance from the centre, or 
IM)le, these gyrations vanish and change signs, then giving rise to the anticyclonal part of 'the sys- 
tem, as in an ordinary cyclonic system. 

A local cyclone of this sort, with much violence or long continuance, cannot take place. For if 
there was a central colder area which would give rise to the initial motions of such a cyclone, the air 
in its descent in the interior would become 1° C. warmer for each 100 metres of descent, and 
hence the colder initial temperature of the central [>art would soon be so increased as to equal that of 
the atmosphere generally surrounding, when tlie condition giving rise to initial motion would be 
destroyed and all motion cease. In such a case there wouhl be no advantage in a moist atmosphere, 
since if it were even saturated as soon as descent in the interior would commence, it would become 
unsaturated. Hence we never have any violent cyclones of this sort, and nothing more than initial 
disturbances which continue generally only a short time. 

Ftjed cyclones, — Where the primary cause of temperature disturbance is fixed to one spot on the 
earth and kept up continuously, it gives rise to a fixed cyclone. Such an example is furnished by a warm 
island surrounded by a colder sea. This, unless it were very near the e(piator, would give rise to a 
considerable cyclonic <listurbance, and, if the island were of considerable extent, to an observable baro- 
metric depression. A very remarkable example of such a cyclone exists in the northern part of the 
Atlantic ocean. Here, on account of the Gulf-stream and the general interchange of waters l>etween 
the etpiatorial and polar regions, which tend to ecpialize the temperatures, there is a considerable area 
of warmer temperatun*, es|>ecially in the winter season, than that of the surrounding parts, with it>< 
centre near Icehnnl. This gives rise to a fixed cyclone with its interior gyrations around this centre 
an<l fixed area of low barometer extending over the greater part of the northern part of the Atlantic 
(wean. These gyrations on the southern side of this cyclone, ccmibining with those of the general 
motions of the atmosphere, cause the strong west winds and steep gradients in the middle latitudes 
of this (K*ean in the winter. The belt of high pressure of this cyclone is thrown somewhat, on the 
south side, upon that due to the general motions of the atmosphere at the parallel of about 30° or 35°, 
afid causes the an»a of high pressure in this ocean at these latitudes. 

In the summer season the temperature gradients nearly disappear, and there is very little cyclonic 
disturbance over this region or barometrii* depression in the vicinity of Iceland. Very similiar condi- 
tions exist in the northern part of the Pacific oe(*an, but the cyclonie disturbances and the decrease of 
barometric pressun* are n(»t so great. 

I'rofjreMMirc moiiouH of cyclones, — Ordinary cyclones, at least soon after their first formation, 
become ind«»p«»ndent of l<»eal circumstances conn<M*ted with the earth's surface. The primary t«mi>er- 
ature disturbance is not sutlieiently great and permanent eiMaigh to hold the cyclone to the siK>t 
where it originates, and it is carried forward by the prevailing general movements of the atmosphere, 
and the central area of warmer air is maintained by the heat arising trom the condensation of the 
vaiMu* in the interior ascending currents sui»|)lied with moist air Irom the earth's surface by means of 
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the horizontal cun^ents flowing in from all sides toward the centre. The direction of progressive 
motion, therefore, is somewhat in the direction of the general motions of the atmosphere in all part^ 
of the earth. Hence cyclones originating near the equator, where there is a westward component of 
motion are carried westward, bnt those originating in the middle latitudes, where the general motion 
of the atmosphere is eastward, are carried toward the east. There is also a tendency of cyclones to 
move toward the poles where there are no general currents to carry them forward. Cyclones, there- 
fore, which originate in the Atlantic near the equator, are first carried westward and northward 
toward the West India islands and Florida, until they arrive at the parallel of about 30% where 
there is no east or west component of motion, and where, consequently, they move in the direction of 
the meridian, until they arrive at the middle and higher latitudes, where the general eastward current 
oarries them in that direction, with an inclination still toward the pole. This seems to be the gen- 
eral tendency of cyclones originating everywhere near the equator, but they seem to make their way 
through toward the pole with greatest facility on the west sides of the Atlantic and Pacific oceans, 
because there the general motions of the air are deflected around somewhat toward the [)ole, and aid 
the cyclones in their progress and carry along a supply of moist air from the equatorial regions for 
their support. As the power of the cyclone is mo.^^tly in the upper cloud region of the atmosphere 
where the vapor is condensed mostly, the progressive motions of the cyclones depend rather upon the 
general motions of the atmosphere at considerable altitudes than upon those at the earth's surface. 
Hence, within the tropics, where the westward motion is small above, the progressive velocity of the 
cyclone is small, and it is so at the vertex of the parabolic path, where the motion is toward the pole, 
but after arriving at the higher latitudes where the u(>per general motion of the atmosphere has con- 
siderable velocity, the i)rogressive motion of the cyclone is much accelerated, especially its eastward 
€omiK)nent. 

It must not be sup])osed, however, that the [)rogressive motion of cyclones depends entirely ui>on 
that of the air in which the cyclone exists. It depends also very much ujum the direction in which 
the greatest humidity of the air lies. The progressive motion of the cyclone is generally greater than 
that of the air, even in the upper regions, and consists rather in the continual formation of new cy- 
clones a little in advance of the old ones, the latter gradually subsiding, and this new formation is 
mostly likely to occur in the direction of greatest moisture. 

Areas of High Barometer. — These arise from the intersecting and overlapping of the circular 
belts of high barometer of different cyclones both fixed and progressive. In consequence of the gra- 
dients arising from the general motions!)!' the atmosphere combined with those of the fixed cyclones 
and all the other irregularities, the gradients and isobars become very irregular. When to these are 
added the irregularities of progi'essive cyclones following and impinging upon one another, this irregu- 
larity becomes still much greater, so that it must frequently hap[)en that there are areas in which the 
barometer stands higher than at any of the surrounding places, just as on a rough sea, where numer- 
ous broad waves interfere and cross one another, the surface of the sea has elevations and depres- 
sions, not in the form of waves and troughs, but rather of elevated and depressed area« approximat- 
ing more nearly to a circular form. The isobars of these areas are generally somewhat irregular, but 
still as they enclose an area, and the winds, according to a wellestablished law, must blow with a 
certain not very great inclination to these isobars, the motion of the air is somewhat around these 
areas in a direction contrary to that of the interior part of an ordinary cyclone. These areas, how- 
ever, do not form systems of winds complete in themselves, but simply arise from the interference of 
cyclones, and are therefore not properly called anti-cyclones. 

Tornadoes. — These are simply very small cyclones, extending over so small an area that the effect 
of the earth's rotation has no sensible influence, and the gyrations arise, not from the gyration of this 
small area around its centre in consequence of the earth's rotation, but from a disturbed state of the 
atmosphere in which the tornado occurs which renders it impossible for the air to flow from all sides 
towards a centre without running into gyrations around that centre. This may be illustrated by 
means of a basin of water with a hole through the bottom in the centre through which the water is 
allowed to run out. If the water is entirely at rest when the flow commences, there will be only a radial 
and very gentle motion of the water from all sides toward the centre, without any gyratory motion, 
but if it has the least gyratory motion in its initial state, even entirely imperceptible, it will run into 
very rapid gyrations before reaching the centre. 

The effect of friction in tornadoes is much less than in cvclones. A cvclone of considerable 
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<*xteiit may he regarded as a disk, with a diameter many times greater than its depth or thickness, 
and hence the gyrations are very mnvAi retarded by friction on the earth's snrface; but a tornado is 
rather a pillar of gyrating air with a very small base in comparison with its altitude, and hence the 
i-etardatiou of the gyrations by friction on the earth's snrface in this case is comparatively very small. 
The gyration of the air, therefore, exce[)t near the earth's snrface, is very nearly in acx^ordance \^ith the 
principle of the preservation of areas, and hence the lineal gyratory velocity is very nearly inversely 
a.s the <listance from the centre, and consecpiently must become very great near the centre. 

In cyclones the barometric gradient and depression of the barometer in the central j)art are due 
both to the deflecting force arising from the earth's rotation and the centrifugal force of the gyrations, 
to the former mostly at a considerable distance from the centre, but to tlie latter mostly near the 
centre. In a tornado the diminution of pressure and tension in the centre arises almost entirely from 
the centrifugal forces that depending upon the earth's rotation \m\ig nearly insensible. On account 
of the rapidity of the gyrations near the centre this diminution of pressure may be very great there, 
while at a very short distance from the (centre it is imperceptible. 

TiUMiadoes occur when, from any cause, the air is in the stat^ of unstable equilibrium already 
referred to. This may be near the earth's surface, but is most usually up in the region of the clouds, 
where the air is saturated with moisture and where consecpiently this state occurs most frequently, 
since it then requires a rate of diminution of temperature with increase of altitude usually less than 
half as great as is the csuse of dry air. When the atmos]>here is in this state the air of the lower 
strata, from any slight disturbance, bursts up through the upper strata at some point, and the higher it 
ascends the greater is the difference between its temperature and density and those of the surrounding 
strata at the same elevation, and hence the greater the tendency to rush up at that point. But, as 
in the ciise of the basin of water, if the initial state of the air were that of cpiiescence, there would be 
only a radial flow of air from all sides toward that point without any gyratory motion or diminution 
of tension at the centre, and with very little violence of motion. The velocity of the ascending current 
in this case would not be very great, since the column of ascending air would soon spread out laterally, 
and l>ecome t<M) great. In order to have, tlierefore, all the conditions of a tornado, it is necessary to 
have, besides the state of unstable equilibrium, the other conditi<ms which, as in the case of the water 
in the basin, give rise to gyrations around the central point t4)ward which the air from all sides flows. 
When thesi^ gyrations commence above, as they usually do, since the air there is most frequently in 
the state of unstable ecpiilibrium, they gradually extend (h)wnward, for the gyrations cause a great 
diminution of tension and of density, and the air consecpiently in the centre rushes up with great 
velocity, and that below of the still unagitated strata is drawn in to supply its place, which like- 
wise runs into gyrations aniund the centre, so that the gyrations in a very short time extend down 
to the earth's surface. The whole (*olinnn of gyrating air is like a tall flue ccmtaining very raritied 
air, the centrifugal force of the gyrations acting as a barrier to prevent the inflow of air fi-om all 
sides into the interior; and if the gyraticms at the earth's surface were as rapid as those above, it 
would be similar to such a flue with all the draught cut ofl'. But very near the earth's surface these 
gyrations, and <*onse(pH»ntly the centrifugal force, are very much diminished on account of the fric- 
tion at the surface, and this allows the air to rush in quite near the surface to supply the draught of 
the interior ascending cuiTent. While, therefore, the gyrations above, on account of the little fric- 
tion, an^ almost exactly circular, allowing little air to reach the central part, the motion of the air 
near the surface is more nearly radial, or at least very much inclined inward from the direction of the 
tangent. It is the same somewhat in the case of large cyclones. Very near the earth's surface the 
nidial component of motion is much gnsiter than it is at a moderate elevation abovt^ and the inclina- 
tion from the tangent towanl the centre may be very great, while a little above the surface the gyra- 
tions are nearly circular. It is readily seen that this nuist be the case, since the force which over- 
comes the friction of the gyratory motion depends, in bcjth cyclones and tornadoes, upcm the radial 
comiK)nent of motion, and hence the greater the friction to hv overcome the greater must be this 
radial compcment, and where there is little friction, this radial component is very small, and the 
gyrations nearly ciixMilar. 

WMiere the air near the earth's surface is nearly saturated with moisture it has to ascend to only a 
very mcnlerate altitude at the outer border of the tornado, to have its tension and temperature so 
reduced that the vapor is condensed into cloud, and nearer the centre, where the tensicm is dimin- 
ished by the centrifugal force of the gyrations, the stratum in which condensaticm and cloud-fonna- 
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tion commences is brought down to the earth at a considerable distance from the centre. In such a 
case a considerable area of the earth's surface in the central part of the tornado is covered with dense 
cloud and enveloped in darkness. The indrawn ng, gyratory and ascensional currents are so strong 
as to draw in and carry up very heavy bodies and throw them out above to a great distance. Some- 
times the ascending current is so strong as to keep a heavy body suspended in the air for a long time 
until the tornado has progressed many miles, when, after the violence of the tornado begins to abate, 
the body falls to the earth. Unless the strength of the ascending current is sufficient to carry the 
body up to an altitude where the air tends outward from the centre, the griulually indrawing currents 
below that altitude keep the body near the centre and it cannot fall to the earth until the ascending 
velocity of the current which has carried it up, is diminished. 

Water-spouts, — These arc simply special ca^es of tornadoes, as tornadoes are of cyclones. Where 
the air at the earth's surface in a tornado is not nearly saturated with moisture, it has to ascend to a 
much greater elevation on the outward border of the tornado l)efore the cloud- formation takes place, 
and also the nearly horizontal inflowing and gyratory currents below have to approach very near the 
centre before cloud is formed, and the nearer the earth's surface, the nearer this approach must be. 
Hence, the base of the cloud assumes a funnel shape abovi», with a long tapering stem reaching down 
to the earth or sea. A water-spout, therefore, is simply the cloud brought doicn to the earth^s surface by 
the rapid gyratory motions near Uie centre of a tornado. This may be explained by means of a deep 
vessel, instead of a shallow basin, of water, with a hole in the centre of. the bottom. If the water is 
allowed to run out, and it has only an almost perceptible initial gyratory motion, it finally runs 
into very rapid gyrations around the centre, and the surface of the water and each of the strata of 
equal pressure under the surface, assume a funnel shape at the top and extend down to the bottom even 
witliin the hole, in the form of a long tai)ering tube. It is the same in the case of the air in a tornado. 
The faet that the air of the lower strat^i runs upwanl through the ui)per strata, instead of downward 
through the bottom, does not alt^r the ca«e, for the gyrations, upon which the lowering of the strata 
of equal tension and temi)erature depend, are produced Just the same in both cases. The stratum of 
the air, then, of which the tension and temperature are such as to condense the moisture of the air, 
assuming this shape, of course the ba*se of the cloud assumes the same. If the dew-point of the 
air at the earth's surface is 10° C. below the temperature of the air, then air at the outer limit 
has to ascend about 1,000 metres before cloud-formation takes phvce, and this determines the 
height of the spout. The distance from the centre at the base, at which condensation and cloud- 
formation takes place, depends ujwn the rapidity of the gyrations, and this upon the amount of 
initial gyration and of friction. In a tall, slender column of gyrating air the friction is small, and 
the gyratory velocity may be assumed to bo very nearly inversely as the distance from the centre, 
except very near the centre, where the gyratory velocity becomes almost infinitely great. Without 
any friction the water-spout would always be brought down to the earth, it might be in the form of a 
mere thread, however small the initial gyrations, but in nature, where friction, at least near the cen- 
tre, must diminish considerably the velocity of the gyrations, this is not the ca^se. The diameter of 
the bavse of the water-simut depends u^ion the gyratory velocity, and where this, on account of friction 
near the centre, is not sufficient to bring the spout down to the surface of the earth, it is seen merely 
as a funnel-shaped cloud. 

Small water spouts which are seen upon the sea or small lakes in perfectly clear and calm 
weather, arise from a state of unstable equilibrium of the clear but nearly saturated air near the sur- 
face of the water. The principle of their formation is the same, but a greater rate of decrease of 
temperature with increase of altitude is require<l, than when their first formation commences up in 
the region of the clouds. 

Cloudbursts, — We have seen how a heavy body may be sustained and kept up in the air near the 
ceiftre of a tornado for a long time. In the same manner a large accumulation of rain is sustained,, 
and prevented from being dispersed by the inflowing currents so long a« the rain is not carried up 
where the air flows out from the centre. Calculr»tion shows that the amount of rain condensed from 
nearly saturated currents of air with such velocities as must exist in the central parts of tornadoes is 
enormous. The water cannot fall in drops on account of the strength of the current. It therefore 
accumulates in the body of the cloud, and especially at points where the ascending current is least, 
until the weight of water becomes so great that it is poured down through the air in streams. Where 
these streams strike the earth's surface they excavate great holes in the earth, often several yards 
8 
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deep, and if this occurs on a mountain side, great ravines may be produced. That these holes in the 
earth and ravines are caused by a stream of water, and not by a very heavy rain, is evident from the fact 
that the sides of the^e holes are often cut down almost perpendicularly, while leaves and other light 
substances, where these holes occur on mountain sides, remain undisturbed near the border on the 
upper side. The ascending current keeps rain <lrops from falling, so that no water falls except in the 
down -pouring streams. 

Cloud-bursts are most apt to occur on mountain sides. The tornado, heavily loaded with accumu- 
lated rain-water, on approaching a mountain side is very much interfered with by it. The draught 
of the ascending current, as we have seen, is mostly near the earth's surface. When the base of the 
gyrating cx)lumn of air strikes the mountain side, this draught is somewhat cut off', and the whole 
system somewhat broken up, and the jmwer of the tornado destroyed. Hence the whole accumulaticm 
of water is sometimes poured down, almost at (mce, on the side of the mountain, tearing up rocks and 
trees, and causing a great ravine. 

Hail Htornvi. — As in tornadoes, there is a stratum of air brought down to the earth by the centrifu- 
gal force of the gyrations, where the condensation of vapor into cloud and rain first takes place, and 
which assume^s the figure of the water-spout, so very much higher up there is one-brought down, it 
may be entirely to the earth, where the tension is so small and the tern peraturt^ so low as to freeze the 
vapor into snow and the rain drops into hail, even in the summer season. The altitude of this stratum, 
where it is not brought down to a lower level by the gyrations, depends uimhi the excess of the tem- 
perature of the air at the earth's surfa<*4» above the freezing-point. Drops of rain carried by the 
ascending current above this stratum, or where it is br4mght down to or near the earth, within it^ 
are frozen into hail. These may be carried outward above where the ascending currents ai^e so weak 
that they can fall to the earth, and as they may fall very slowly and may have been cooled down con- 
siderably l)elow the freezing-point, they may continue to increase in size all the way down by freezing 
the water which adheres to their sides in falling, for the jisc<ending current would bring a great deal of 
rain in small drops and mist in contact with them. 

Sometimes much of the hail in thus falling is drawn in tmvard the centre by the inflowing currents 
from all sides below, until there is a great accumulation of hail in the centre of the torna<lo, ju&t as 
of rain in the case of a cloud-burst. If from any cause, then, the strength of these currents should 
become suddcidy weakened, or the whoh» system broken up, all this hail would fall rapidly to the 
earth, and hen<*e the almost incredible amounts of hail which are said to fall sometimes in a very 
short space of time. 

A considerable amount of rain may be carried sunie distance up into the snow region liefore it 
has time to freeze. By the mixture of rain and snow, small balls of very moist snow are formed, 
which, being <*arried out where the strength of the ascending current permits them to fall slowly, 
they continue to gi-ow until they become heavily coated with solid ice, and finally reach the earth. 
It is in this way that the large hailstones with a snowy kernel within are formed. But these in fall- 
ing are sometimes carried by the indrawing current below into the central part of the tornado, where 
the ascending currents are strong enough to carry them up again into the region of soft snow mixed 
with rain, where they receive an<ithercoatof soft snow, less ctmipact than the coat of ice, after which 
they are thrown out again above wheiv they fall gently down and receive another coat of solid ice. 
This may Ih» repeated a number of times, the hailstone moving in a sort of oval orbit, upward in the 
central part, outwanl above, and down at a distance from the CAMitre where the strength of the as- 
c^*nding current is such as to allow it to fall, and then toward the centre again, to commence another 
similar revohition. While in the upiHM* snow region it receives a coat of snow, and while in the region 
of cloud and rain, a coat of solid ice. •Hence it is no unusual thing to find large hailstones composed 
of a number of coatings like an onion, these coatings consisting of alternate layers of frozen soft snow 
and solid ice.* 

Sand-npoutM. — These iwcur mostly on dry, samly deserts, where the surface becomes very much 
heated, and the rate of decrease of temperature with increase of altitude is such that the unsaturated 
and almost entirely dry air is in the state of unstable equilibrium. The sand-s[)out originates just 
as any small tornado, or as snuill water-s|K)uts u]hh\ lakes in fair weather, but the air is so dry that 
there is no condensation of vajMir, unless it is at a very great altitude, but the indrawing and ascend- 
ing currents carry with them a great quantity of dust and other like substances, which assume the 
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form of a pillar extending high up into the air. As occurs in all tornadoes and water-spouts, the air 
flows in from all sides below to supply the draught of the ascending current, mostly near the earth's 
surface, but also in some degree up to a considerable altitude, and these inflowing currents drive the 
dust which is raised on all sides in toward the central part, and thus the dusty part of the air 
assumes the figure of a column. 

As the i)articles of sand gyrate rapidly with the air, the centrifugal force of the gyrations tends 
to drive the i)articles from the centre, but this is counteracted by the resistance of the indrawing cur- 
rents, which is a function of the size of the particle and the strength of their currents, since it is 
nearly as the square of the product of the velocity of the current into the diameter of the particle. 
Hence, particles of sand of different sizes arrange themselves at different distances from the centre, 
the smaller particles penetrating nearer the centre, since the centrifugal force is as the cube of the 
diameter, while the resistance of the inflowing current is nearly as the square of the diameter. If, 
however, the particle was very large, it might be kept at so great a distance from the centre, that 
the ascending current there would not be able to keep it up, so that if there were no limit to the sizes 
of the particles, yet there would still be a limit to the dimensions of the pillar of sand, which would 
be determined by the ascending velocity of the air at different distances from the centre. 

Waterspouts and sandspouts are hollow. — Near the centre of the gyrations the centrifugal force 
is so great that the small particles of condensed vapor in water-spouts, and of fine sand particles in 
sand-spouts, cannot exist there, or at least they are comparatively rare, so that these spouts have the 
ai)pearance of being hollow. M. Boue, in the year 1850, observed three water-spouts at the same 
time on Lake Janina, from top of a high mountain. The weather was entirely clear, without clouds 
or wind, but very opi>ressive and hot. The spouts seemed to rise from the lake, and he could look 
down into the top of them and see that they were hollow in the middle. ("Bulletin Societie Geologique 
de France," vol. viii, page 274.) 

Of a whirlwind observed at Schell City, Missouri, in the summer of 1879, Professor Nipher says: 
"There were no suiface winds strong enough to l>ear dust along the surface of the ground, but the 
dust carried up in the vortex was collected only at the vortex of the whirl. The dust column was 
about two hundred feet high and perhaps about thirty or forty feet in diameter at the top. The 
direction of rotation wa^s the same as of storms of the northern hemisphere. Leaving the road, the 
whirl passed out on the prairie, immediately filling the air with hay, which was carried up in some- 
what wider spirals, the diameter of the cone thus filled with hay being about one hundred and fifty 
feet at to)). It was then observed also, that the dust column was hollow. Standing nearly under it, 
the bottom of the dust column appeared like an annulus of dust surrounding a circular area of per- 
fectly clear air. The area grew larger as the dust was raised higher, being about fifteen or twenty 
feet wide when it was last observed." ("Nature," September 11, 1879.) 
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